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Abstract

The understanding and conceptualization of cities and its constituent systems
such as transportation and healthcare as open and complex is shifting the debates
around the technical and communicative rationales of planning. Viewing cities in a
holistic manner, as being organized at multiple scales and by multiple actors presents
methodological challenges, one where our understanding of dynamism is applied in a
tangible fashion to planning processes. Bridging the two rationales in the tools and
methodologies of planning is necessary for the emergence of a “non-linear rationality”
of planning, a theory that can account for complexity and one that is premised upon
the complexity sciences.

Simulations representing complex systems serves to provide evidence and support
for planning, and has the potential to serve as an interface between the more abstract
and political decision making and the material city systems. Increasingly criticized for
being reductionist and not addressing complex systems in a holistic manner, the role
that simulations have to play in an increasingly complex world needs to be reimagined
and investigated.

Moving beyond traditional and current planning methods, this thesis explores the
role of simulations, participatory and computational in planning. Recognizing the
need for holistic representations of systems in planning, the thesis integrates multiple
disparate simulations into a holistic whole, achieving complex representations of a
complex systems. These representations are then applied in an interactive environment
to address planning problems in different contexts, and studied within their context
of use.

The thesis makes the following contributions: (i) an approach towards the devel-
opment of complex representations of systems through distribution and integration,
(ii) improvements on participatory methods to integrate computational simulations,
(iii) through the different experiments of applying participatory and computational
simulations in planning, a nuanced understanding of the relative value of the vari-
ous constructs of simulations, (iv) technologies and frameworks that facilitate the
easy development of integrated simulations that can support participatory planning
processes.

The thesis develops contributions through experiments, all of which involved
planning problems and stakeholders from real world systems. The approach towards
development of integrated simulations is realized in an open source framework, that
has been applied in several experiments and is now in use in various labs and companies
across the world. The framework creates computationally efficient, scalable and
interactive simulations of complex large scale systems, which used in a participatory
and exploratory manner delivers tangible plans and designs.

Keywords: distributed simulations, interactive, participatory, gaming, complexity
theory, fidelity
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Sammanfattning

Förståelsen och konceptualiseringen av städer och dess beståndsdelar, såsom trans-
port och sjukvård som öppen och komplex, skiftar debatterna kring de tekniska och
kommunikativa rationalerna i planeringen. Att se städer på ett holistiskt sätt, som or-
ganiserad i flera nivåer och av flera aktörer presenterar metodologiska utmaningar, en
där vår förståelse av dynamiken tillämpas på ett konkret sätt i planeringsprocesser. Att
överbrygga de två rationalerna i planeringsverktygen och metoderna är nödvändig för
att skapa en “icke-linjär rationalitet” av planering, en teori som kan stå för komplexitet
och en som är förankrad i komplexitetsvetenskapen.

Simuleringar som representerar komplexa system tjänar till att ge bevis och stöd
för planering och har potential att fungera som ett gränssnitt mellan det mer abstrakta
och politiska beslutsfattandet och de materiella stadssystemen. Simulering kritiseras i
allt högre grad för att vara reduktionistisk och för att inte hanterar komplexa system
på ett holistiskt sätt, rollen som simuleringar måste spela i en alltmer komplex värld
måste omprövas och undersökas.

Utöver traditionella och aktuella planeringsmetoder, undersöker denna avhand-
ling rollen som simuleringar, participativ och beräkning har i planeringar. Eftersom
att det finns behov av holistiska representationer av system i planeringen, integre-
rar avhandlingen flera olika simuleringar i en holistisk helhet, vilket ger komplexa
representationer av komplexa system. Dessa representationer appliceras sedan i en
interaktiv miljö för att lösa planeringsproblem i olika sammanhang och för att studeras
inom respektive användningsområde.

Avhandlingen ger följande bidrag: (i) en metod för utveckling av komplexa re-
presentationer av system genom distirbution och integration, (ii) förbättringar av
participativa metoder för att integrera beräkningssimuleringar, (iii) genom olika ex-
periment för att tillämpa participativa- och beräkningssimuleringar i planeringen, en
nyanserad förståelse av det relativa värdet av de olika konstruktionerna av simuleringar,
(iv) teknologier och ramar som förenklar utvecklingen av integrerade simuleringar
som kan stödja participativa planeringsprocesser.

Avhandlingen utvecklar bidrag genom experiment, som alla involverade plane-
ringsproblem och intressenter från verkliga världssystem. Metodiken mot utveckling
av integrerade simuleringar realiseras i en öppen källkod, som har tillämpats i flera
experiment och används nu i olika laboratorier och företag över hela världen. Ram-
verket skapar beräkningsmässigt effektiva, skalbara och interaktiva simuleringar av
komplexa storskaliga system som ger konkreta planer och mönster när det används på
ett participativt och utforskande sätt.

Keywords: distribuerade simulationer, interaktiv, participativ, spel, komplexi-
tetsteori, noggranhet
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Chapter 1

Introduction

The understanding and conceptualization of cities and its constituent systems such as
transportation and health care as open and complex is shifting the debates around the
technical and communicative rationales of planning (Portugali, 2011). The nature of
complex systems and complexity science as a trans-disciplinary and increasingly coherent
collection of concepts and theories from the natural sciences is providing a new and
remarkable understanding of urban systems. Planning theories have responded in kind,
assimilating many concepts from complexity (Portugali et al., 2012b; Batty, 2007). The
notions of self-organization, non-linearity, temporal dynamics and transition have found
their way into mainstream discourse on planning through an emerging Complexity Theory
of Cities (Batty, 2007).

Planners are confronted with a volatile world, with inter-connectedness amongst
systems and actors, by unforeseen second and third order effects of interventions (Balducci
et al., 2011). Complexity depicts a world in flux, one that is dynamic, characterized
by non-linearity and uncertainty. The idea of uncertainty has been around for a while,
with Rittel and Webber’s (1973) Wicked problems. This formulation, of problems which
cannot be defined clearly, have no definite start or end or a clear owner and ultimately no
solution (because they are inherently complex, non-linear and uncertain, though this is a
later reformulation of Wicked problems) was embraced by complexity as representing
fundamental uncertainties in a complex world. Uncertainties are the product of the
interactions and interdependencies between and among constituent systems and actors
(de Roo and Rauws, 2012).

We now understand the production of these systems, in that they are being self-
organized from the bottom-up by individual actors and citizens, while at the same time
institutional actors attempt a production from the top-down. Both these influences
co-exist (Allen, 2012; Portugali et al., 2012a). This broadly reflects the two dominant
planning rationales: technical and communicative. The rise of complexity coincided with
increasing scrutiny and criticism of the technical rationale in planning, and a shift towards
a communicative rationality (Checkland, 1989; Lindblom, 1959)

Both these rationales need to include notions of temporality and dynamism of systems.

1
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This is necessary for the emergence of a “non-linear rationality” and for a dynamic kind
of complexity in planning theory that can lead to an understanding of planning premised
upon the complexity sciences (Portugali et al., 2012a; de Roo and Hillier, 2016) While
complexity science contributes towards a scientific understanding (in parts) of the dy-
namism of systems, it is explored and applied in planning mainly through representative
instruments such as simulations.

As our understanding of this dynamic interconnectedness grows, the insight that
interconnected systems need to be managed at multiple levels becomes increasingly critical
(Palfrey and Gasser, 2012). We need new approaches that do not rely upon, or incorporate
into themselves the dichotomies of formal and informal, planned or unplanned, static or
dynamic. Viewing cities in a holistic manner organized at multiple scales and by multiple
actors presents methodological challenges, one where our new understanding of dynamism
is applied in a tangible fashion to planning processes (Tan and Portugali, 2012).

Consequently, this thesis asks: what is the role of simulations (participatory or com-
putational, assuming that they represent the dynamism of systems and refer to the unpre-
dictable social and technical states of systems) in planning processes? What would the new
methods be that can contribute to representations of different kinds of complexities in
planning processes? How would these methods be applied and what are their limitations?

This chapter continues with an exploration of these broad themes: the cognizance
of complexity in systems and its implications on planning processes and planning tools,
mainly simulations. A brief overview of computational and participatory simulations is
provided, indicating a marriage between the two would prove beneficial to a new method
of planning.

1.1 Simulations in policy making

Simulations and models have become a critical scientific instrument, representing the third
way of doing science besides theorizing and experimenting (Grüne-Yanoff and Weirich,
2010). Simulations and their role thereof in science and policy have enormous potential
in understanding complex systems, but raise a host of philosophical and epistemological
issues (Winsberg, 2003). A simulation is essentially a representation of a system.

Simulation practice has a plurality of aims and values. They are treated as both
‘objects of study’ (in a noninstrumental manner) or as ‘instruments’, or ‘technological
artefacts’ (Morgan and Morrison, 1999). This plurality of instrumental values in simulation
practice is best demonstrated by the plurality of functions of simulation. Hartmann (1996)
distinguishes five major functions of simulation: As a technique, for investigating the
detailed dynamics of a system; As a heuristic tool, for developing hypotheses, models and
theories; As a substitute for an experiment, for performing ‘numerical experiments’; As a
tool for experimenters, for supporting experiments; As a pedagogical tool, for providing
understanding of a process.

Many scholars have argued that simulations need to be representative to have epistemic
value and to produce knowledge. This position is held despite disagreements on what
representation involves and the lack of an objective measure for it (Knuuttila, 2005; Parke,
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2014). This also has interesting implications for the representation of complex systems in
simulations. The range of elements, constituent systems, parameters and interactions is
too diverse and vast. This difficulty and emphasis on representation does not do justice to
the vast range of uses of simulation.

In this context, scholars have stressed that representation is not only a relationship
between theory and reality, but also involves the users and their interpretation of it. This
conceptualization necessarily includes the users as an integral component of a simulation
(Giere, 2004; Knuuttila, 2005). In this conceptualization, models and simulations mediate
(as autonomous or semi-autonomous entities) between users (in the case of policy making
actors, either institutions or otherwise), the theoretical foundations which form the
starting point of a model and the real system that model references (Morgan and Morrison,
1999). This mediation allows experimentation and exploration, but more importantly,
delegates the referential power of the model to the users. This triadic relationship that
characterizes the representation of a system in a model is represented in Figure 1.1

Actors Models Actors

Theory

Reality

Simulation Games

Identification and Interpretation

Figure 1.1: Triadic relationship between actors, models and systems

1.2 The participatory turn

In 1995, based largely on Habermas’s (1984) Theory of Communicative Action, Innes
(1995) proposed communicative action as the emerging, new paradigm for planning theory.
This was meant to replace an older, systematic, largely technical rationale for planning.
Replacing this was an interactive, communicative paradigm for planning, following a long
history of criticism of technical-rational perspectives on systems (Lee, 1973, 1994).

In the 1950’s and 60’s, populist movements started refuting the hegemony of the expert
planner to make the process of planning more democratic and inclusive. Stemming from
the need to address the specific needs of individuals, local communities started asserting
their rights to organize their local environments, participate in and influence the urban
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planning process. This led to the question of who had the power to design systems, and a
conflict between the traditional top-down model of urban planning and the self-organizing
bottom up influences of different actors (Lindblom, 1959; Davidoff, 1965).

This approach derives from this need for participation, and is rooted in qualitative
approaches which seek to build upon multiple narratives, values and perspectives. This
communicative approach accepted the uncertainties inherent in planning, and sought to
build plans through collective and communicative processes (Fischer and Forester, 1993;
Goodspeed, 2016; Healey, 1997; Innes and Booher, 2010).

Along the same lines, gaming as a discipline provides methods and techniques for
investigating complex phenomena with human stakeholders and participants (Duke and
Geurts, 2004). By embracing the complexities and uncertainties inherent in systems and
planning, gaming was at odds with the dominant planning paradigm at the time (Hanzl,
2007). With the turn towards communicative action and the embrace of complexity,
gaming can provide solutions for addressing and managing complexity (Tan, 2014).

Gaming has been applied for a variety of purposes, such as learning, training, research
and policy. Similar to simulations, there is a plurality of goals to games, where they
serve to test, justify and develop theories (essentially as experimental environments), as
pedagogical tools to communicate complex concepts to players, as policy games to support
evaluation and testing of interventions and to design plans and policies (Minnery and
Searle, 2014; Abt, 1987; Meier and Duke, 1966).

Games, however, differ from most simulations because of the presence of the actor.
Here, the actor is a player within the game, and not merely a user. The actor is both an
element in the game (whose role and mechanisms of play has to be designed by the game
designer), as well as (typically) an expert on the system that is being referenced. The actor
can learn from the game as well as negotiate and transfer the lessons to the real world. The
reflexive capacity of humans adds a qualitatively different source of unpredictability to
simulations (Petersen, 2012).

Acknowledging that human behavior is an intrinsic part of the systems being references,
in the context of complex systems we now have the situation that actors continually
interface with the complex models of these systems. The actors are using these models
to mediate amongst themselves, as well as between their networks and the real systems.
In complex systems, we are interested in the dynamics of systems, and not only the
structure, which includes spatial, temporal, or other dimensions, and we also need to
explore the relationships between components. This includes relationships among ‘hard’
and ‘soft’ components (Checkland, 1989). Effective mediation requires the inclusion of
representations of actor-network spaces, where the model includes not only representations
of the ‘hard’ components, but the ‘soft’ ones as well.

The thesis contends that there is a need to integrate current collaborative methods,
which tend to deal with actor-network and socio-political spaces with representations of
dynamic systems. The socio-political process of decision making can be enriched through
simulations, not only as an experimental or exploratory tool, but as an environment which
offers a pluralistic view on the system being referenced. The modeling and simulation
process can in turn be enriched through diverse perspectives on the systems being addressed,
as well as benefit from the tacit expertise embedded in the actor networks. An effective
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combination of realistic representations of the actor-network space as well as systems can
provide the platform for the emergence of a ‘non-linear rationality’ in planning.

The principles of this research are relatively straightforward: for planning in complex
systems, we require holistic representations of these systems; human behavior is an intrinsic
part of these systems that are best represented by the actors themselves; planning is best
done by putting the two together; gaming and simulation represent the most effective
combination of the two. The challenge is in conceiving methods that combine the two,
not only for negotiation and learning, but as a method capable of producing tangible,
operational plans and solutions in complex systems. This thesis focuses particularly on
one question: what is the role of simulations in planning processes in complex systems?

Before answering or addressing this question, we ask a host of smaller sub-questions
along the way. What would the new methods be that can contribute to representations
of various kinds of complexities in planning processes? Once we have these complex
representations, how would we design and apply them in planning processes? What
elements of these representations deliver effective outcomes?

The research addresses these questions through a series of experiments. Each exper-
iment involves a simulation game with policy makers and relevant stakeholders. Each
experiment includes a complex computer simulation that is relevant to the policy problem
being addresses, and policy makers playing with and through the simulation. Data is
collected through observations, questionnaires and debriefing methods.

1.3 Structure of the thesis

The thesis is organized as a collection of papers. It has two parts: the introduction and
the papers. The introduction is further structured into five chapters. Chapter 1 (this
one) gives an overview of the background. Chapter 2 outlines the research questions
in more detail. Chapter 3 describes the methodology, the experiments, data collection
and analysis. Chapter 4 outlines the research contributions, and attempts to answer the
questions detailed in Chapter 2. Chapter 5 concludes the thesis and points to directions
for future research.





Chapter 2

Research Questions

This chapter describes the research focus, presented as research questions and the limita-
tions of the research.

2.1 Research Questions

The purpose of this research is to investigate the role of simulations in the design of
and within complex adaptive systems. Complex adaptive systems involve sources of
complexity from both the technical and socio-political dimensions. The inter-relationships
between degrees of technical and socio-political complexity are hard to define. To motivate
the development of new planning processes through simulation approaches in complex
systems, the research asks the following overarching question:

What is the role of simulations in the design of complex adaptive systems?

The research addresses the following sub-questions to motivate, develop and apply
simulation approaches for planning in complex systems.

RQ1 What are the requirements for using models and simulations for decision support in
complex systems?
As we take increasing cognizance of complexity in systems, there is a need to further
investigate how simulations are currently being used. Studies demonstrate a gap
between the developmental process of simulations and their application context.
Insights from addressing this question could motivate a rethink of the context of
use of simulations.

RQ2 What simulation architecture can support the integration of socio-political and technical
complexities of systems?
The second question addresses limitations in existing methods and technologies to
support the development of integrated simulation games. This question addresses

7
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the need for an expanded representation of system complexity along both technical
and socio-political dimensions in simulations, computational or participatory. It
seeks a simulation framework to represent complex systems, specifically a framework
that is capable of integrating diverse simulations. It also addresses the mechanisms
by which such a framework can be operationalized in a participatory simulation, or
game setting.

RQ3 What elements of an integrated simulation game lead to design outcomes?
This question expands upon question 2 and attempts to identify factors contributing
to effective design outcomes in a simulation game. Addressing this question could
identify elements and mechanics within games that either enable or hinder achieving
game goals, determining effectiveness. Research on this could establish game design
guidelines for effective simulation games in complex systems.

RQ4 What are the effects of levels of fidelity on the perceived validity of a simulation?
Simulations can represent systems at varying levels of fidelity. Fidelity is defined as
the degree of correspondence with the reference system. A high level of fidelity is
hard to achieve, since it requires considerable effort. Fidelity deals with the scale of
the simulation, essentially the level or unit of analysis that underlies the simulation.
In urban planning or transportation, this could be a neighborhood or a city. A
simulation with a high level of fidelity would also be hard to validate, since the
simulation itself would necessarily be complex with many parameters and compo-
nents. Fidelity is therefore linked to validity, since it affects how stakeholders and
players perceive the realism of the simulation. Fidelity is also linked to effectiveness,
a high level of fidelity is generally assumed to be more effective at contributing to
simulation goals. Both these relationships need to be studied, with insights again
contributing to design guidelines of simulations and games.

2.2 Limitations

The thesis predominantly investigates the use of simulations, computational and partici-
patory for decision support and design within complex systems. The thesis constructs
complex simulations of certain complex systems, and tests those simulations in real world
applications. The research scope of the thesis is limited to testing new methods of devel-
oping and using simulations in these applications. While real world problems are used for
context, the contributions are largely methodological.

The real world experiments conducted with the simulations pose significant challenges
for designing and conducting experiments. Within the context of a PhD study, access to
stakeholders and institutions is difficult, and when available is limited. Further, conducting
randomized trials of game sessions is not feasible. Given these limitations, and considering
that for the type of problems and systems addressed in this thesis the number of experts is
small in number, and access to those few is further limited, it is hard to collect statistically
significant quantitative data during the experiments. Instead, during all game sessions,
deep qualitative data and reflections are collected and analyzed.
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The thesis uses commercial or off the shelf simulation software where available, and
develops the rest. The models are customized to the local context where the experiment is
being conducted using open data and other datasets provided by stakeholders from that
context. No assumptions are made on the validity of these models. Experiments therefore
rely on a combination of data sources from public and private domains, and are assumed
to be accurate and up-to-date.





Chapter 3

Methodology

Looking beyond traditional and current planning methods, this chapter defines a series
of experiments that explore and evaluate different forms of complex simulations in plan-
ning practice. The experiments follow a logical sequence of iterative data collection and
experimenting with complex simulations in policy practice:

1. Simulations are studied from the perspective of the planner.

2. Simulations are built to represent the dynamics of complex systems.

3. Simulations are used in policy practice to support collaborative design.

4. Simulations are used to support the development of operational plans.

The thesis begins with an attempt to integrate multiple simulations into a complex
holistic whole. Such technological, complex representations of systems are hard to identify
in civilian planning applications. The methods to develop such integrated simulations are
applied predominantly in the military domain (Dahmann et al., 1997), are not easily appli-
cable to civilian applications and any examples of integrations in non-military applications
are few and specific to the software being integrated (Burghout and Wahlstedt, 2007). The
applicability of such complex simulations and tools in planning practice remains an open
question, especially the methodological aspects. The participatory and gaming methods
that can potentially integrate complex simulation based tools in planning practice need to
be further developed to effectively use them. Considering that this technology derives
meaning through application, it is studied in the context of its (potential) use (Campbell,
1996).

Using urban planning and transportation as a use case, we first define methods to
integrate multiple simulations into a complex holistic whole. This integration is based
on methods from Parallel and Distributed Simulations (PADS) (Fujimoto, 1999). The
integrated simulation is iteratively and continuously improved and modified based on
insights from policy makers (as potential users of the simulations) and simulation gaming
experts (who have used such tools in policy processes before). The insights from policy

11
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makers were derived through another experiment (not involving the integrated simulation),
which involved play based exploration of a different complex simulation. Insights from
gaming experts were derived through semi-structured interviews. These iterative and
continuous improvements culminated in a framework called ProtoWorld.

ProtoWorld is a framework that supports the development of games and participatory
simulations. It achieves this by immersing actors in the integrated, complex simulations
of urban environments. Actors (players) can intervene in the live, real urban system to
explore, experiment, and design their interventions.

ProtoWorld was evaluated in four case studies, each involving actors from different
cities and countries. Through application in real world planning problems, ProtoWorld
was evaluated for the different constructs that constitute representation, such as validity,
fidelity, level of detail and abstraction. ProtoWorld was also evaluated for its capacity
to deliver tangible, operational plans. The cast studies situate actors within complex
environments, and observed the consequences and potential. The four case studies were
all designed as participatory simulations.

The framework forms a core part of the thesis and the methodology. It is simul-
taneously the instrument to test and evaluate different ideas about the use of complex
simulations in policy practice, as well as the object of study in the experiments. To
check for applicability in other domains, the lessons derived from the development of
ProtoWorld, and its experiments were then applied to Health Care.

The overall methodology followed in the thesis is depicted in Figure 3.1. The following
sections provide summaries of the different experiments conducted, and refer to the
corresponding paper.

3.1 Integrated Simulations: ProtoWorld

Complex simulations of systems can be built by integrating one or more simulations.
Parallel And Distributed Simulations (PADS) provide methods and technologies that
support the integration of simulations. The resulting integrated simulation is typically
more complex, and represents a larger reference system than would be possible with each
individual simulation (Fujimoto, 1999). The thesis uses and derives methods from PADS
for various functions, but does not use any of the commonly used technologies from that
domain.

PADS were devised as a means for distributing simulations across computers and (often)
countries, to enable computational efficiency and collaboration through simulations.
Simulations can be integrated sequentially, with the output of one simulation feeding
into the next, creating a linear chain of simulations. Simulations can also be integrated in
parallel, with the simulations running at the same time and exchanging data with each
other. Parallel integration has to be achieved across two main dimensions: data and time.
They represent two essential functional issues for solving simulation integration, namely
semantic interoperability and time synchronization (Fujimoto, 1998).

Two models that are interdependent need to understand each other. Semantic inter-
operability implies that they need to exchange data and have a correct interpretation of
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Figure 3.1: Methodology

the data they send and receive. This requires that the participants agree on a common
interpretation of data which is produced and exchanged between them (Straßburger, 2001).
Distributed simulation theory covers different data distribution mechanisms that are
essential for data representation and exchange.

Integrating simulations necessitates time synchronization to ensure consistency across
simulations, to ensure a logical sequence of events across the integrated simulation and to
account for simulation models that use different time advancing methods. For example,
discrete-event simulation models, continuous simulation models, agent-based models
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all use different notions of time. Distributed simulation theory describes various time
synchronization mechanisms, such as conservative, optimistic, time-stepped and hybrid
(Fujimoto, 1998; Perumalla, 2006).

High Level Architecture (HLA) (Dahmann et al., 1997) is a general purpose architecture
for distributed computer simulations and from 1996 has remained the state-of-the-art in
Distributed Simulations. Now an ISO standard, any HLA based simulation has three
major components: the Federation, Run Time Infrastructure (RTI), and an Interface to
the RTI. A federation is the alliance of one or more federates (a federate is a simulation)
acting together in a distributed simulation to achieve a certain objective. The RTI is a
functional component that behaves like a distributed operating system for a federation. It
provides a set of general purpose services that support federate to federate interactions and
federation management. The interface specification provides a standard way for federates
to interact with the RTI.

HLA typically requires extensive low-level technical knowledge from simulation
developers and is expensive to implement and maintain. Predominantly used in defense
applications, HLA has seen little use in the civilian domain. Implementing a distributed
simulation using HLA requires that all simulations conform to its standards. Simulations
built for civilian applications, such as those in urban planning and transportation typically
do not conform to the HLA standard, and porting them to do so will be expensive and
cumbersome, necessitating the development of interfaces to a HLA implementation (Boer,
2005). Studies have attempted integrating simulations in transportation, typically resulting
in custom integration mechanism specific to the simulations being used (Burghout and
Wahlstedt, 2007; Sahraoui and Jayakrishnan, 2005). Considering these disadvantages,
an alternative approach to simulation integration that could result in a general purpose
framework was developed, using transport simulations as a first test case.

Simulation of Urban MObility (SUMO) (Behrisch et al., 2011), a traffic simulator
capable of simulating large scale networks was integrated with a custom pedestrian simula-
tion. To avoid the inefficiencies and difficulties of complete integration as promulgated
by PADS, an approach for simulation integration based on two principles was developed.
The first principle is to model the interactions between the simulations at higher orders
and levels of abstraction, avoiding the need for complete semantic interoperability. For
example, at a pedestrian crossing, cars (simulated by SUMO) stop for pedestrians with-
out knowing that they are pedestrians. The consequences of car(s) stopping at various
intersections in the network are handled by SUMO.

The second principle relies on the distribution of behaviors and components. Both
SUMO and the pedestrian simulation run as different components on different machines.
Their results in the form of Floating Car Data (FCD) are sent to an integration layer
implemented in Unity3D. Unity3D serves as the integration, visualization and interaction
layer. While visualizing the results, Unity3D adds physical properties to these objects.
Leveraging collision detectors in the visualized objects allows for the detection of certain
events, triggering appropriate behaviors in the simulators through their Application
Programming Interfaces (APIs). Transferring the results of the two simulations to a
different space and adding other properties to them created a higher plane of interaction.
This plane performs both like a more abstract but complex simulation with the expanded
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system boundary of both simulations, hiding low level simulation details while exposing
relevant behaviors. Events detected in this plane can then be used to modify various low
level simulation behaviors.

The simulations run in parallel, and are synchronized using a conservative synchro-
nization method. The integration layer controls the clock of SUMO through the TRAffic
Control Interface (TraCI) (Wegener et al., 2008) as well as the clock of the pedestrian
simulator. Combined with a look ahead, the conservative approach synchronizes the
simulations with the animation in Unity. Essentially, if the simulations are at time step ti
then the animation should be as well. The FCD data from the simulations needs to be
parsed, processed and animated with a decent frame rate. The frame rate affects visual
perception. While 24 frames per second is prescribed as normal, lower frame rates can
be tolerated as well. The frame rate therefore is a limiting factor for the amount of data,
and the number of objects and agents that can be visualized. The synchronization of the
visualization with the simulations is critical, since it ensures that players are looking at
current data and not data from previous time steps. The player can now react to events in
the integrated simulation by making changes to parameters, geography or other behaviors
in the simulations. This is enabled through different API calls to the simulations.

The integration of the simulations, together with the visualization and interaction
constitutes the framework called ProtoWorld. As mentioned earlier, ProtoWorld is a
framework that supports the creation of distributed, integrated and interactive simulation
environments. Analogous to Distributed Virtual Environments (DVEs) from distributed
simulations, ProtoWorld creates realistic, 3D, virtual environments capable of simulating
urban spaces at high levels of fidelity. The integration interface works out of the box for all
three major microscopic traffic simulators: SUMO, MatSIM and Vissim. The architecture,
features and other methods within ProtoWorld are described in papers 2 and 3.

A typical method for game design using ProtoWorld is described in Figure 3.2. Once
the 3D city and simulations are generated from various data sources, the interfaces and
interventions needed for that particular case are designed and implemented (or chosen
from a library of previously developed options). The simulations and the Unity scene
are built and exported as executable files, which can be run on any standard computing
environment. The build files are then used in workshops to run the game.

In this thesis, ProtoWorld is the articulation of certain hypotheses about the context
of use of simulations in urban design and decision support. ProtoWorld was implemented
over several iterations, drawing insights from interviews, game sessions and three experi-
ments conducted with ProtoWorld. ProtoWorld is therefore:

• A methodological contribution, in that it articulates many ideas about simulations.

• A research platform, supporting the development and evaluation of games and
participatory simulations.

• The object of evaluation during various experiments.

The framework was used to develop the following four experiments.
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Figure 3.2: Game Design using ProtoWorld

3.1.1 Rome

An integrated simulation comprising SUMO, a pedestrian simulation and a public trans-
port simulation was used to simulate the inner city of Rome. In an experiment, controllers
and managers from the Mobility Agency of Rome had to control the virtual city by
broadcasting information, closing and opening stations and various other actions. Their
reactions to the simulation progress were logged through ProtoWorld, resulting in a plan
of action for that particular simulation scenario. Game play lasted for about two hours,
following which participants had to answer a detailed questionnaire on the validity, use
and potential of the simulation. A debrief with the players was conducted. In a subsequent
session with strategic planners from the Mobility Agency, and other related stakeholders,
the simulation and a summary of the game play was presented to trigger a discussion on
the use of such simulations. The game sessions, debrief and questionnaires were recorded,
transcribed, translated and analyzed. The experiment and results are in paper 4.

The Rome and Haifa (described in the following section) experiments were conducted
as a part of the PETRA project, which aimed to deliver a personal mobility advisor, as well
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as develop solutions for city agencies to provide travel advice. A goal of the project was
to develop a ‘smart city’ dashboard that synthesizes different data sources and provides
operational advice to transport agencies. The experiments in Rome and Haifa were
designed with the goal of testing ideas about the dashboard, and to elicit data from the
traffic controllers and mobility agencies on their modes of operations

3.1.2 Haifa

ProtoWorld was used to visualize static simulation output from Vissim of the city of
Haifa. Five scenarios to handle an incident at a major traffic intersection near a hospital
were simulated and visualized. In this experiment, traffic controllers and police operators
from the traffic control room went through each scenario to evaluate and validate them.
During the evaluation, different questions were asked of the controllers through the
visualization. The participants answered each question, and filled out a questionnaire
at the end, following which they were debriefed. Similar to the Rome experiment, the
simulation and a summary of the game play was presented to strategic planners from
related agencies. The game sessions, debrief and questionnaires were recorded, transcribed,
translated and analyzed. The experiment and results are in paper 4.

3.1.3 Driebergen-Zeist

A fully multi-modal simulation of the area around Driebergen-Zeist railway station in the
Netherlands was built in three days using ProtoWorld. The scenario for the simulation
starts with a disruption in the railway line between Utrecht and Arnhem stations. The
train stops at the Driebergen-Zeist station and offloads all passengers, who have to proceed
onwards by using replacement buses, regularly scheduled buses, walk, cycle or car.

Figure 3.3: Screenshot of the Driebergen-Zeist Demo

Figure 3.3 illustrates the different features of the demonstration. ProtoWorld was used
to build this scenario. SUMO simulated replacement buses, regular buses and cars. The
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pedestrian simulation was adapted to simulate other modes. The simulation was built
for NS, the national railway operator of The Netherlands, and was built onsite at their
offices using their data. Once built, the simulation was validated by personnel from the
client playing through the simulation. This experiment is completely implemented in
ProtoWorld, described previously and in papers 2 and 3. Considering the papers describe
the methodologies involved, a broad technical guide of the framework is given in Appendix
B.

3.1.4 Dashboard

The results of the Rome and Haifa experiments provided a set of requirements for a smart
city dashboard. A prototype of this dashboard was built using ProtoWorld. The dashboard
extends ProtoWorld, to provide decision and design support within the same environment.

The dashboard combines real data feeds and integrated simulation output within the
Unity3D visualization. The visualization, merely by zooming in and out and by panning
across the map shows the virtual city at different levels of details, with the lowest zoom
level visualizing the data at a micro scale, intermediate levels visualizing heatmaps at
different levels of granularity, and the highest zoom level showing macro patterns across
the city.

From this decision support functionality, the user can move seamlessly from any
particular timestep in the data visualization to a simulation, which uses that data point as
input for a starting point. The simulation continues to run using ProtoWorld’s methods,
and the user can intervene in the simulation to design and test options. The dashboard
is a fork of ProtoWorld with additional features. However, the main architecture and
technical features are the same as ProtoWorld, and these are described in Appendix B.

3.2 Interviews

The use of complex and high-tech computer simulations in a participatory simulation
or a game requires considerable attention to the game design. The players’ roles, agency,
structure of the game and interaction with the computerized simulation needs to be de-
signed such that they align with the simulation goals. Mechanisms to translate simulation
outcomes into the real world need to be followed through with the client. To this effect,
interviews were conducted with four respondents actively involved in using gaming simu-
lation in policy-making and urban planning environments. The respondents stemmed
from different backgrounds, each with a different perspective on participatory decision
making but all were active in the urban planning and transport domain. The respondents
were:

• Active in fields such as rail transport, city planning, transit-oriented-development,
systemic innovations in infrastructures, and gaming simulation

• Active in academia, public and private sector
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• Involved in both high-tech computerized gaming simulations as well as low-tech
games

• Involved in the design, facilitation, debriefing, and uptake of gaming simulation
outcomes

The topic guide for the interviews is given in Appendix A.

3.3 Complex

A policy and strategy game was played to gather requirements for simulations and games
from policy makers’ perspectives. Based on a localized model for the commercially
available Democracy 3, the game was played with 18 policy makers from the Stockholm
region. The localized model was developed through three workshops with researchers
and policy makers. The game was played over two rounds in a workshop. The details of
this experiment are presented in Paper 1.

3.4 NKS and Composable Simulations for Healthcare

Knowledge on workflows within such settings is embedded within the personnel working
there. The workflows are extremely variable and as such hard to document. Constructing a
simulation to analyze such settings is also therefore hard, and in complete contrast to urban
planning and transportation where simulations rely on extensive data and theoretical
work.

A game to analyze the transfer of patients around the New Karolinska Solna Hospital
was designed, and played in a workshop with approximately 20 medical care practitioners.
Analysis of the game yielded broad requirements for developing simulations for logistics
in healthcare.

The principles and lessons learnt from developing and using ProtoWorld, together
with the requirements from the NKS game were applied to healthcare, and a simulation
framework for this domain was developed using the AnyLogic simulation software. Here,
the representation of the system in the simulation was deconstructed into behaviors. In
this case, behaviors are the unit of simulation integration rather than simulations. Each
behavior is a self-contained piece of logic that performs a tiny task of the system, such as
performing an x-ray or drawing blood.

A suite of such behaviors was constructed using AnyLogic components, and natural
language rules used to structure them into a coherent workflow. These rules can be easily
reconfigured during simulation runtime by medical practitioners to test different workflow
structures. As an initial test case, a simulation of neo natal intensive care unit logistics
was built using the framework. The game session and the architecture of the AnyLogic
simulations are described in paper 5.





Chapter 4

Contributions

The contributions of the experiments and interviews conducted during this thesis are
summarized in this chapter, as a potential answer to each research question. We answer
the sub-questions in this chapter, and address the larger question of the role of simulations
in the next chapter.

Table 4.1: Mapping between Research Questions, Experiments and Papers

Research
Questions

Broad
Question RQ1 RQ2 RQ3 RQ4

Papers I-V I,IV,V II,III,V I,IV I,IV

Experiments All

Complex,
Rome,
Haifa,
Driebergen-
Zeist, NKS,
Interviews

ProtoWorld,
Compos-
able Simu-
lations for
healthcare,
Dashboard

Complex,
Rome,
Haifa,
Driebergen-
Zeist,
interviews

Complex,
Rome,
Haifa

The thesis progresses with two processes simultaneously. The first process is one
of technological development, where we attempt to achieve holistic representations of
complex systems at multiple scales, with high levels of fidelity through the development
of integrated simulations. The second is one of experimentation, data collection and eval-
uation, where we identify the requirements and context of use of models and simulations
in complex systems. We iterate over the two processes, where technological methods and
limitations inform the experimental design, and the lessons learned from data collection
and experiments are implemented technologically in the simulations and then evaluated
through further experiments.

21
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Table 4.1 outlines a broad mapping between the research questions and experiments
and the papers that describe these experiments. Question 1, the requirements and context
of use for simulations in complex systems is drawn from the interviews, the COMPLEX
and NKS experiments and the Rome, Haifa and Driebergen-Zeist experiments with
ProtoWorld. ProtoWorld and the healthcare simulation architectures address Question
2, pointing to new architectures in different application areas where complex represen-
tations of systems can be achieved. Question 3 is addressed through the evaluation of
different models and simulations in different policy settings, the localized model within
COMPLEX and the localized models for Rome, Haifa and Driebergen-Zeist with relevant
actors, as well as insights from gaming practitioners, based on their experience. Question
4 is addressed through the COMPLEX, Rome and Haifa experiments, all of which situate
simulations with different levels of fidelity and validity in planning problems. The
interviews, the experiment with the case of Driebergen-Zeist, and the dashboard are not
outlined in a research paper.

RQ1: What are the requirements for using models and simulations for decision
support in complex systems?

The COMPLEX experiment, described in Paper 1 suggests that exploration, flexibil-
ity, completeness and openness in terms of transparency and plurality are required for
models to be applicable in planning. Policy makers prefer to model (or input) their own
assumptions about the systems they are investigating, but also prefer to investigate it from
a pluralistic perspective. Simulations also need to be open, which has a dual meaning, the
biases, values, assumptions and data embedded in the model needs to be apparent and
made explicit, but the model also has to be open to modification.

The interviews with game design experts reinforce this notion, and suggest that policy
makers and actors need to be immersed in the game. Both COMPLEX and the interviews
suggest a different conceptualization for engagement of policy makers: actors can be and
need to be used during game play to design some of the rules of the game (apart from
engagement in earlier stages of the game design process). This has several benefits:

• Actors are used as validation, where they ‘correct’ the game or model by changing
elements, such as parameters, visualizations or model structures.

• Actors can ‘complete’ the game and model by including what they think is missing
(as in the case of COMPLEX).

The interviews also suggest the need for exploration and flexibility, albeit in a different
way as compared to the COMPLEX experiment. Here, the importance of actors being
involved in the game design (during the game) is stressed, where they can complete and
structure the model and simulation through negotiation or according to their requirements.

The observations made in the Rome experiment, as discussed in paper 4 were similar
to that of the COMPLEX experiment: decision makers explored different choices and
strategies in the simulation and compare simulation outcomes with their own experience.
They suggested the need for observing trends over time (similar to the process dynamics
request in COMPLEX), and the inclusion of decision options that they have agency
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over. The need for having different starting points and scenarios was also observed in
the Rome experiment, again similar to COMPLEX. The Haifa experiment, while not
including as many design or decision options as the Rome experiment highlighted the
value of transitioning between scales in a decision support system, where decision makers
unanimously approved the macro scale visualization in the simulation. They suggested
that it provides a holistic and complete view of the system, essentially integrating all of
their cameras and information into one perspective, analogous to the completeness notion
suggested in COMPLEX.

In all respects, the observations made in the Rome and Haifa experiments were similar
to that of the COMPLEX experiment, with the only difference being that of pluralism.
In these experiments, multiple perspectives implied the inclusion of multiple actors in
the simulation as players, the decision makers in these experiments required that actors
from other institutions be present in the simulation to provide other perspectives. In
the COMPLEX experiment, it implied the representation of multiple perspectives in the
simulation model, a perspective as a lens or filter onto the model. This could be related to
the agency and scale of the actors in the respective experiments. The macro scale of the
simulation, the strategic nature of the planning problems and the relatively broad agency
of the policy makers could imply the need for a pluralistic view on the system. On the
other hand, the microscopic scale of the simulation, related to the operational nature of
the planning problem and the limited agency of the decision makers could require the
need for other relevant actors to provide a (still limited) pluralistic view on the system.

The NKS experiment, described in paper 5 suggests the need for scenario management,
and the need for supporting a large range of scenarios, primarily derived from variability
in processes and unpredictability in event probabilities, which in turn leads to a lack of
documentation and structure making it hard to model operations in healthcare.

Two key insights can be derived from these experiments: the first is the need for
participation of experts and actors in the modeling process; the second is the unambiguous
cognizance of the lack of validity in representational tools. While the need for participa-
tion is substantiated in the literature, this thesis moves beyond engagement and actively
involves actors in the model and simulation, by having them complete and customize the
model according to their requirements.

RQ2: What simulation architecture can support the integration of socio-political
and technical complexities of systems?

ProtoWorld is a framework that supports integration of multiple simulations in the
urban planning and transportation domain. The framework currently integrates sim-
ulations which support Floating Car Data (FCD) or other spatio-temporal data and is
based upon methods from the Parallel and Distributed Simulations (PADS) domain. The
framework is distributed, which enables the integration of more simulations, expanding
the scope of the represented system. It also enhances computational efficiency, supporting
the simulation of larger networks and complex behaviors.

The framework presents a novel way of integrating simulations, by moving the inte-
gration logic to a higher level of abstraction, avoiding complete semantic integration. The
integration is enabled through the addition and distribution of properties and behaviors
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of the software objects, and the use of mature software development practices and design
patterns. This integration is further supported by APIs made available by (some) of the
simulation packages, and the use of Unity3D, a gaming engine.

The requirements identified through the various experiments were incrementally
enabled in the framework. For example, the simulation models can be comprehensively
explored through panning, zooming, pause, restart, speeding up or slowing down and
in some instances by moving backwards and forwards in time through the simulation
output. Where available, the simulation models can be tweaked through parameters, and
in case of the pedestrian simulations the structure of the agent logic can also be altered
through a user interface. During the run of the simulation, the simulation can be altered
by changing the transport network, altering vehicle densities and so on.

ProtoWorld was used to develop several experiments with actors, to address different
planning problems. The simulations were tailored to fit the local context, and were ex-
plored in a participatory manner by actors. The structure and design of the participatory
simulation was derived from insights gathered through earlier experiments. The combina-
tion of the participatory simulation, where actors interact with each other mediated by
ProtoWorld, and the complex representations of their system within ProtoWorld provides
an ideal environment for exploring both the socio-political and technical complexities of
systems.

This environment is created through the synthesis of methods from multiple domains,
such as PADS, participatory simulations and simulation gaming. The environment is
enabled through reuse of commercially available or off the shelf simulation components,
gaming technologies such as game engines and physics behaviors, as well as linking various
open data sources. The development of such an environment required the composition
of various technologies. As mentioned earlier, the development of such architectures
required an iterative cycle between the methodological and technological aspects of tool
development, as well as methodological development. Both the technology to represent
and explore the system, as well as methods to support and structure actor interactions
needed to be developed.

Applying the framework to a domain without established simulation techniques proved
difficult. While we were able to rely on available commercial and off the shelf simulation
packages for the urban planning and transportation domains, no such simulation existed
for healthcare. This meant that the models, as well as the integration and interfacing
mechanisms had to be developed from scratch. Integration as a technique to develop
complex simulations is a viable option in healthcare as well.

ProtoWorld currently allows interactions as a single player game, i.e. only one instance
of the user interface and simulation can be run. If the user interface and simulations are
considered as separate components, then only one user and user interface can interact
with the integrated simulation. In the experiments, a group of people together played
on one instance of the game, and multiple instances of the same game were run on
different machines. While this still supports discussion and interaction among the players,
an ideal world would be a multiplayer game where different people are manipulating
the same system, with their options based on their agency in real life. The need for a
multiplayer game was emphasized by players in the Rome, Haifa and Driebergen-Zeist
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experiments. This is technologically possible within ProtoWorld, since a number of the
networked interfaces are capable of streaming data to different visualizations at the same
time, and various filters have been created in the Unity editor to customize camera views
and visualizations according to the actors’ agency. These functionalities have not been
evaluated in any experiment, but form a part of the feature set of ProtoWorld, as well as
the dashboard.

RQ3: What elements of an integrated simulation game lead to design outcomes?
The simulation games based on ProtoWorld are constructed through a series of inter-

faces: an interface between the various simulations that together compose the complex
system; an interface between the simulations and the visualization and interaction envi-
ronment; an interface between the actors and players and the interaction environment in
the game engine.

The Rome and Haifa experiments with ProtoWorld delivered explicit requirements
for the smart city dashboard. The requirements called for a comprehensive dashboard,
with an interactive map, visualization of multiple data sources at different levels of detail
and granularity, the ability to look up historical trends of data, the ability to change
the visualizations of KPIs, information visualization from other stakeholders in the city
and incidents and maintenance works. Another critical requirement was to transition
from visualization to simulation, where a simulation scenario is generated from the time
step being visualized (current timestep in real time or historical time step that the user
is looking up). The data that is visualized at that timestep becomes the input for the
simulation parameters, and the users can then examine and explore the future scenario
in the simulation. A prototype of the dashboard as a proof of concept was implemented
using ProtoWorld.

The outcomes from the simulation games result from a combination of representational
‘accuracy’, agency and flexibility. In the Rome and Haifa cases, we observe that the
participants progress through identification with the game and interpretation of the
game and simulation outcomes. Both identification and interpretation occurs through a
cognitive process of evaluating the game based on their experiences and mental models.

Identification is related to the face validity of the game, or the plausibility and be-
lievability of the game. The experiments with ProtoWorld and COMPLEX provide
contrasting insights. The players with ProtoWorld required physically accurate represen-
tations, the representation of the city had to be physically similar to their city, abstract
representations could not be believed. With strategic planners in COMPLEX, the abstract
representation in the simulation was acceptable, but missing elements in the simulation
detracted from the believability of the simulation. This is aided by the flexibility of the
simulation to accommodate different perspectives of the players, the ability to tweak
parameters effectively claiming ownership of the model system.

Interpretation is related to the internal validity of the simulation, addressing the degree
to which players (once they identify with the simulation) select a manipulation strategy.
As observed in the ProtoWorld experiments, this is aided by the openness of the simulation
packages which support manipulation during the simulation run and the interfaces which
enable this interaction with the simulation. Manipulation gives the players agency over
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the simulated system. However, interpretation requires the simulation packages to be
open about implicit biases and values, as well as assumptions made during the modeling
process so that the players can understand the reasons and causal relationships driving
simulation behavior. The choices for manipulation of the simulated system need to be
designed according to the agency the players have in reality. If they are presented with
certain choices that they do not make in the real world system, they are unable to interpret
the outcomes of those choices in the simulated system.

Design outcomes are largely a product of the various interfaces that compose the
ProtoWorld environment, and enable the different requirements described in Question 1.
The exact configuration of representation, agency and flexibility in the simulated system
for each experiment was designed based on previous experiments, interviews and more
importantly, data collection with the relevant stakeholders in each city. This process of
customizing the simulated system to the local context, especially for the game design
(choices available for the player, KPIs to be visualized) is critical, since it establishes the
appropriate choices and situates the players’ agency within the simulated system.

RQ4: What are the effects of levels of fidelity on the perceived validity of a simula-
tion?

The COMPLEX, Rome and Haifa experiments described in this thesis explore simula-
tions with different levels of fidelity and validity. The thesis demonstrates, through these
experiments that complex and holistic representations of complex systems are necessary
and effective at delivering tangible outcomes.

The COMPLEX experiment contained a broad, macro scale systems dynamics simula-
tion of a very large system. The experiment demonstrates that fidelity is influenced to a
large extent by the boundaries of the representation, as designed by the modeler. Players
expected complete representations, with as many aspect systems included as possible.
They preferred aspect systems to be represented, if only as a simple parameter or a symbol.
A valid simulation should be complete, and can contain elements at different levels of
fidelity.

The Rome experiment contained a high fidelity, locally contextualized traffic simu-
lation of the inner city of Rome, with pedestrians, vehicles and public transport. This
experiment demonstrates the relative importance of the various elements of the simulation,
all of which were represented at a similar level of fidelity. The visual representation of
the system had to be physically similar to the city, in terms of topology, visual scale and
geography. The behavior and emergent patterns had to be similar and identifiable from
the reference system, but most importantly, the decision choices had to correspond to the
agency of the players in the reference system.

The Haifa experiment contained a high fidelity vehicular simulation of the city. Pedes-
trians and public transport were not included in this experiment. However, as compared
to Rome, the players were able to observe patterns at a macro scale, while the simulation
was implemented at a micro scale. The experiment demonstrates the value of including
different levels of abstraction in the same simulation, as the players benefited enormously
from being able to move across scales.

Fidelity is commonly described as the degree of correspondence between the reference
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system and the representation. Abstraction and resolution are integral aspects of fidelity.
If fidelity is about the accuracy of the representation, then abstraction refers to the part of
the reference system being represented, and the resolution refers to the extent to which
this abstracted part is being represented.

The COMPLEX experiment is therefore a high fidelity, high abstraction model with
a low level of detail. The Rome simulation is a high fidelity, high abstraction (since it
represents most aspects of the transportations system) simulation with an intermediate
level of detail. The Haifa simulation is at an intermediate level on all three dimensions,
but with the ability to move between levels of resolutions in the visualization.

Fidelity can be described along the dimensions of physical, functional and psychological
similarity with the reference system. The experiments demonstrate the importance of a
fourth dimension: institutional. The representation of agency in the simulation and game
is an important consideration, especially in policy and design games where the goal is to
produce tangible outcomes. It is important to represent the interactions among actors, and
between actors and the computer simulation when trying to determine the appropriate
level of fidelity for a simulation during the design phase.

The Rome and Haifa experiments closely matched the reference system in terms of the
roles of the players, the constraints faced by the players in the reference system (in terms
of decision choices available to the players in the game), physical aspects of the system and
the dynamics of the reference system. Borrowing from the literature on gaming, these
experiments can be characterized as free form, high tech games. The actual operators played
their own roles in the game, with a high fidelity, highly detailed technical representation of
the dynamics of the reference system. However, the operators had considerable freedom
within this technical environment, able to customize the environment according to their
beliefs and to make decisions.

The validity requirements on fidelity change with the scale and scope of the system
being represented. Validity at a macro scale would require an increase in the level of
abstraction and not in resolution, i.e, to represent a larger part of the reference system,
albeit with elements of varying levels of resolution and even fidelity. Validity at these scales
lies on a spectrum as well. Players are aware of the limitations of models and simulation to
represent the dynamics of complex systems, but would prefer to have a higher abstraction
model. A model representing a larger part of the system with low resolution is more valid
compared to a model representing a smaller part of the system with higher resolution.

Summary

The thesis presents an investigation into the use of complex simulations (of complex
systems) in policy planning. Through the development of frameworks to integrate sim-
ulations and their use in simulation games, the thesis explores various ideas related to
representation, such as fidelity and validity of the simulations, openness and exploration
of the reference systems through the simulations. ProtoWorld is an articulation of many
of these ideas, nearly all of which have proven function as demonstrated through the
different experiments. It is an open, flexible and complete simulation framework which
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supports exploration through a pluralistic perspective, leading to tangible decision making
outcomes.

Other Contributions

1. ProtoWorld: The framework is an open source project. Apart from SUMO and
Vissim (used in Rome and Haifa respectively), ProtoWorld also integrated MatSIM.
The framework was also used in use cases in the cities of Berlin and Stockholm.

2. PetraWorld: The dashboard is a fork of ProtoWorld, hosted in a branch in the
same repository. It is a proof of concept, and a deliverable in the PETRA EU FP7
project. The requirements for the dashboard were derived from the Rome and Haifa
experiments, and developed using ProtoWorld.



Chapter 5

Conclusions

A two way street runs between
mental models and computer models.

Jay W. Forrester

Studying the role of simulations in the planning of complex systems is conceptually
and methodologically a complex endeavor. The thesis studies complex simulations and
participatory methods in their context of use, with continuous iteration and development
of both. The findings from the different experiments, which spanned across contexts,
scales and abstractions are consistent with and reinforce each other, emphasizing the
reliability of our results. This chapter reflects on the chosen method, findings and future
applications and work.

5.1 Reflections on Research Methodology

The thesis follows an iterative research method, with successive and incremental develop-
ment in both the methodology and technology. The various research questions are studied
through case studies as opposed to surveys to situate and study technological tools such as
simulations in their context of use. While this approach also has disadvantages, elaborate
attention could be paid to the details of the tasks (that the players had to perform), which
in turn enabled the study of the constructs of simulations in more detail. Using case
studies also situated the simulations within the appropriate institutional setting.

The case studies involved a range of simulations across scales and for different purposes.
The COMPLEX experiment involved a systems dynamics simulation at a macro scale, the
Haifa experiment a simulation at a meso-scale and the rest of the experiments simulations
at micro scales. The independent, in-depth case studies provided insights that reinforced
each other. Further, in all the ProtoWorld experiments, we used standard simulation
packages commonly used in the domain, data and requirements provided by the relevant
institutions in those cities. The case studies situated simulations where a wide range of
complexity was represented, across systems, actors and agencies.

29
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The case studies involved players with little prior experience of participating in such
sessions. Their inability to suspend disbelief provoked a critical reflection on the nature
and role of simulations in planning, which would not have been possible with a friendly
audience. While the case studies relates simulations to specific planning tasks, future work
through general surveys, interviews and ‘before and after’ studies could provide further
insight on the value of simulations in planning tasks.

5.2 Reflections on Findings

The thesis contributes to the discussions on simulations in complex systems in two ways.
First, the thesis has generated a nuanced understanding of the meaning of constructs
such as validity and fidelity. The various quotes and experiments throughout the thesis
give further meaning to the ‘usability’ of simulations, from a policy maker’s perspective.
Second, we have gained an understanding of the relative importance of different aspects of
simulations. Together, the finding in the thesis contributes to an understanding of what
simulations should contain, and their function in planning within complex systems.

5.2.1 On Technology

The representative power of simulations lies in guiding knowledgeable users to specific
inferences about the reference system. Presupposing the presence of knowledgeable users,
and as mentioned in earlier chapters, the actor remains a key component of a simulation,
responsible for its interpretation and translating its lessons into action in the real world.
In the sense of Forrester’s (1994a) two way street between computer models and mental
models, the simulation provides evidence that changes not only the actors’ decisions, but
also their mental models through which decisions are made, affecting the filters through
which they perceive the reference system (Forrester, 1994b).

Simulations are often evaluated for their learning potential and their ability to generate
insights about the reference system. In all the experiments, experts are used as players,
who are more knowledgeable about the reference system than the game designers. This
reduces the ability of the game designers and facilitators to steer the players towards
certain outcomes and insights, but as observed in all the experiments, creates engaging
and meaningful discussions and produces tangible decision outcomes. Allowing players to
customize the game by changing certain parameters and assumptions increases the fidelity
of the simulation, which enables the player to identify with the simulation and closes
the gap between their mental models of the reference system and the representation in
the simulation. As observed in the experiments, this supports the production of tangible
outcomes and decisions. The openness of the simulation in terms of increased complexity,
inclusion of many aspect systems and the ability to intervene in a live simulation allows
them to interpret the simulation and explore decision pathways according to their mental
models. We observe this interesting trade-off between fidelity, openness and game design.

The construction of frameworks and complex simulations is made possible mainly
through reuse and effective use of software design principles (Verbraeck and Valentin, 2008).
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Further use and applications in planning necessitates a new approach to the development
of simulations, to ensure they are open, transparent and reusable. Among the simulations
integrated in ProtoWorld, SUMO proved to be the most open, both in communicating
assumptions and in staying open to integration and manipulation during run time. As
observed in the ProtoWorld experiments, it is this interactivity that facilitated creativity
and design. Gaming technologies and methods from distributed simulations were integral
to ProtoWorld, and ensured both computational efficiency, complexity in representation
and high fidelity. The use of these gaming technologies proved extremely beneficial in the
technological development.

5.2.2 On Method

Relying on the (simplified) idea that simulations should trigger the appropriate mental
models within the actors, and that these mental models in turn create ideas which can
be tested in the simulations, the question then is of the design of the simulation, and
the constructs by which this process becomes effective. This thesis has contributed to a
nuanced understanding of how simulations can trigger the appropriate mental models in
actors, and the constructs of simulations that are required to enable the actors to achieve
the simulation goals.

The experiments conducted with ProtoWorld in this thesis veer more towards simu-
lators, or play based exploration of simulations rather than games (Meijer, 2015). This
restricts the ability of the game designer and facilitator to steer towards certain outcomes.
The high-fidelity nature of the simulations also evokes more realistic behaviors from the
participants, since they are experts of the system being represented and identify with
it. This also implies that they are constrained in the simulation by their agency in the
reference (real) system. As observed in many of the experiments, they are able to design
creative solutions only within these constraints. However, this trade-off between fidelity
and creativity is offset by the open and exploratory nature of the (computational) simula-
tion, where they can use a wide range of values and options within a limited set of decision
choices.

The juxtaposition of the expertise of the players in representations of their own systems
also provides an interesting counter example to the notion that high fidelity is necessary
for effective learning outcomes. We make a contrarian observation that positioning a
player in his domain of expertise can provoke critical and engaging reflections on the
system but reduce the effectiveness of simulations in delivering and measuring learning
outcomes.

The issues of fidelity and validity are considered fundamental metrics to gauge the qual-
ity and utility of a model or simulation. Often described as the degree of correspondence
between a model and its reference system, literature suggests fidelity should generally be
described with respect to the measures, standards or perceptions used in assessing it. How-
ever, an objective measure of fidelity is hard, if not impossible to achieve, especially in the
context of complex systems. A qualitative understanding of the constructs of simulations,
their relative importance in achieving particular tasks and their relationship with each
other is perhaps easier to achieve and more instructive for simulationists.
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The thesis demonstrates, through the experiments and with the technology that com-
plex representations of complex systems are necessary and beneficial for design and decision
making. Tools need to reflect the nature of the systems they represent, and complex sys-
tems need to be managed across many layers and networks (Palfrey and Gasser, 2012). The
constructs of these representations: fidelity, validity, boundaries, agency and so on are
related in different ways. The nature of these relationships changes across scales.

The thesis also demonstrates the effectiveness of the marriage between participatory
and computational simulations. Planning is best done when bringing together tacit
knowledge through experts and scientific knowledge through simulations and tools. This
integration is best achieved in an open and interactive manner.

Many of the experiments built free form, high tech, high fidelity games with different
levels of abstraction and resolution. The construction of many of these games was enabled
primarily through the ProtoWorld framework. While the development of the framework
was expensive, the presence of a generic framework, albeit suited to the urban planning
and transportation domain meant that every successive game was easy and inexpensive to
build, for example the Driebergen-Zeist game was built in three days.

Such a framework relies on the reuse of simulation software and packages. In domains
where such tools are unavailable, we argue that a similar approach of integration, composi-
tion and evaluation with stakeholders will yield tangible outcomes. However, the unit
of integration needs to be smaller, at the level of small behaviors and components. The
two domains addressed in the thesis, transportation and healthcare provide contrasting
approaches into the modeling and investigation of complex systems. The transportation
simulations are capable of representing complex systems with high fidelity, and support
the exploration of systems as a whole. The healthcare simulations on the other hand
support the exploration of single, simple behaviors and their impact on the larger sys-
tem. Extending these further, different domains makes for new software designs and new
technological solutions, but based on the same principles developed in this thesis.

5.3 Future Work

As mentioned earlier, general surveys and interviews, ‘before and after’ studies on the
effectiveness of simulations in planning can provide further insights on the role of simula-
tions in planning complex systems. A changed context for the players, for example having
controllers from Rome manage traffic in the Haifa simulation could elicit their mental
models. Running the same experiment with different sets of controllers and actors could
serve to validate the experimental results. The difficulty in running multiple sessions is in
acquiring access to these experts, and the relatively small number of experts.

The findings in the thesis can be further evaluated and verified, potentially by running
the experiments again with different contexts and players. The qualitative results have
been identified predominantly from the perspective of the players, which can be verified
through workshops and reflections with practitioners and game designers.

The principles developed in the thesis have been successfully applied in urban planning
and transportation, and transferred to healthcare. In the future, applicability in other
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domains could result in a myriad of new software designs, based on the same principles. A
meta-analysis of applying such simulations across domains could yield interesting insights
on commonalities in simulations and in planning practice. The dashboard developed
with ProtoWorld needs further evaluation, as does the healthcare simulations. Both
simulation frameworks could be evaluated further, to investigate and develop a more
nuanced understanding of the constructs of simulations in complex systems.

5.4 To Conclude

The systems we manage and interact with are bound to grow ever more complex, au-
tonomous and dynamic. The challenge is to explain and manage these systems across
layers – technological, institutional, human, and to rework ideas of prediction and control
and build new theories of non-linear and complex ways of planning. High-tech, high-
fidelity simulations while feasible are tools for intermediation between actors and reality,
and require the participation of experts in many ways. The need for pluralism, participa-
tion and interaction in planning complex systems calls for new simulation approaches.
The creation of a non-linear rationality of planning, through simulations, games and
visualizations can create new opportunities to further our understanding of complexity
and complex systems.
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Appendix A

Topic Guide

The topic guide for the interviews was as follows, and followed the PSI framework as
defined by Reich and Subrahmanian (2015).

A.1 General

1. Name

2. Description game

3. Description process to be supported by game

4. Role of respondent

A.2 Product Space

1. What was to be designed in the game? What, disregarding the game itself, makes
the design complex (in a technical sense)?

a) Structural complexity

b) Knowledge availability

c) Disciplines

2. How was this complexity represented in the game?

3. Difference between perception by game players and intention?

4. What was the effect of the game on this perception?

5. What would be a normal dynamics of the features mentioned in Q1 and what
changes did the game bring about?
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A.3 Social Space

1. Who normally designs the artifact/policy? What is the complexity of this network
of stakeholders?

a) Languages

b) Perspectives

c) Inclusion

2. How was this represented in the game?

3. What changes did this representation bring about in the final solution?

4. What changes did this representation bring about in the network of stakeholders
after the game?

A.4 Institutional Space

1. What rules, norms and cultures are normally applied within this context?

2. How were these represented in the game?

3. How did this representation change during the game and were this changes durable
after the game?

A.5 Overall

1. What was the actual result of the game? Was it valuable, viable? How did the game
achieve this?

2. After the game, what changes instigated by the game were most dominant in the
subsequent process? Was it the technical solution, new insights on what stakeholders
to introduce or new institutional arrangements? How was this observed?



Appendix B

ProtoWorld Technical Guide

The ProtoWorld framework is an open source project, hosted on github1. The project
contains the framework, as well as the dashboard developed for the PETRA project during
this thesis. The technical documentation and installation guide is contained within the
project. Here, we briefly describe the main modules, various demonstrations and the
complete process from downloading to using the framework. The user is anyone who
intends to develop games or participatory simulations using the framework, and the player
is anyone who participates in the games developed by the user.

B.1 Overview

The ProtoWorld framework can be divided into three main components:

• ProtoWorld Unity Project: The core of the framework and the place where the
edition and the hub of functionalities take place. The ProtoWorld Unity Project,
built using the Unity Game Engine, contains all the editor tools needed to build an
urban scene from scratch and to add functionalities such as pedestrian and public
transport simulations. It also includes interfaces to enable integration of external
simulations such as SUMO, MatSIM and Vissim.

• PostgreSQL: A database to hold all the information related to GIS data, needed
to generate urban scenes using the ProtoWorld Unity Project. The database is
populated with data from OpenStreetMaps, a collaborative free project to create
and edit GIS maps worldwide.

• WCF (Windows Communication Framework) Service: A middleware software
containing the services needed to access and retrieve GIS data from the database.
The services provided by the WCF framework are used by the ProtoWorld Unity
Project when generating new scenes.

1The repository is hosted on github at https://github.com/SebastiaanMeijer/ProtoWorld
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B.2 Installation

ProtoWorld requires a commercial license of Unity3D, Windows Communication Frame-
work, PostgreSQL and pgAdmin III, IIS web server, Visual Studio and the different
simulation softwares that the user intends to run with the framework. While the available
demonstrations work out of the box with just Unity3D, building a game from scratch
will require all of the above softwares.

ProtoWorld can be forked or cloned from github. The following steps must be followed
to build a scene from scratch:

1. Import the ProtoWorld Unity project into Unity.

2. Initialize the WCF service and configure database connection strings.

3. Download OSM data for the geographical area and run the PopulateOSMToDB script
present in the ScriptsAndTools folder on the OSM file to populate the database.

4. Generate a new scenario using the ProtoWorld editor menu features. This editor
contains features to generate a 3D urban area from the database populated in the
previous step, and connect a simulation to this scene. Various features exist to
customize this scene in Unity, such as placing cameras, adjusting time, cropping the
scene and so on.

5. Configure all simulations to run in this scene. This includes customizing pedestrian
and vehicular simulations. Again, in the Unity ProtoWorld editor, various menus
provide customizability options.

6. Test and build the scene to create an executable file, which can be run on most
Windows machines.

B.3 Demonstrations

Apart from the Rome, Haifa, Driebergen-Zeist and Dashboard projects, ProtoWorld was
used to develop the following demonstrations:

1. Simulation of Stockholm using SUMO

2. Simulation of Delft using SUMO

3. Simulation of Berlin, to understand optimal placement of bicycle stations

4. Visualization of Electrical Road Installations in Stockholm

5. Visualization and interaction with MatSIM simulation of Stockholm, to understand
public transport utilization and pricing across different population growth scenarios
in Stockholm
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B.4 Coda

The complete guide can be found within the framework. The framework is now in use in
several labs and companies around the world.
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