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EXECUTIVE SUMMARY

Over the last decades, the world population has grown vastly and the percentage of people living in cities
has increased. This process of urbanization has had a lot of implications for both safety management and
research on evacuations. Due to this growth in urbanization, more high density gatherings are taking place,
potentially resulting in more casualties during emergencies.

A common method used to conduct research on evacuations is simulation models. Simulation models
have already improved our understanding of human behaviour during evacuations, but researchers argue
that most current models are still not able to accurately describe human behaviour during evacuations since
they do not take into account the effect of groups. Empirical research has shown that social groups in crowds
influence the dynamics of evacuations. For instance, when an emergency happens and groups have to decide
where to go, groups sometimes just follow other groups. However, accurately modelling such notions is often
complex and contains uncertainty. One of the ways to deal with uncertainty systematically is by applying
exploratory modelling. This, however, has yet to be applied to evacuations.

This study aims to address the need for models which include the notion of groups by analysing the effect
of two decision-making schemes on the evacuation time; leader-follower decision-making and consensus
decision-making. Furthermore, this study aims to provide a stepping stone for exploratory modelling in the
realm of evacuation modelling. In order to do so, this study uses three methods; a literature study, agent-
based modelling, and exploratory modelling. The literature study was conducted to lay the foundation of the
agent based model, while exploratory modelling was used to explore the uncertainty space of the agent-based
model. After the development of the model, it was verified and validated using multiple tests, and data from
a previous study.

Through extensive validation and verification, it was concluded that this model is fit for purpose. It is
both able to generate behaviour in the same magnitude as previous empirical research, and show valid be-
haviour on the lower abstraction levels of the model. Results show that groups have a significant impact
on evacuation time. The more groups are present, and the bigger they are, the higher the evacuation time
will be. Furthermore, results show that there is almost no difference in leader-follower decision-making and
consensus decision-making. These two only differ when no one is familiar in a building. When there is 0%
familiarity, leader-follower behaviour will lead to lower evacuations times compared to consensus decision-
making. Lastly, results show that the combination of groups being present and all people being familiar with
a building may actually have adverse effects on the evacuation time in crowd densities between 0.07 and 0.36.
In case of crowd densities up to 0.36, a high percentage of familiarity may actually lead to higher evacuation
times.

All in all, this study provides a stepping stone for modelling group behaviour using an exploratory agent-
based modelling approach. This study was the first to lay focus on the effect of group decision-making
schemes by incorporating it in an agent-based model and exploring its behaviour by running it numerous
times under different parameter settings. Furthermore, this research has important implications. First, evac-
uations inside buildings should not only be evaluated by crowd density or familiarity, but also by exit capacity.
Secondly, different crowd compositions have different effects on the evacuations time. Policymakers should,
therefore, take into account what types of groups will most likely be present. As regards future research,
future research should mainly focus on the effect of modelling leader-follower behaviour in different ways,
modelling consensus groups in general, analysing the effect of groups on different segments of evacuation
time, and adding more (social) factors to the model which influence evacuation behaviour.

v





LIST OF FIGURES

2.1 Conceptual model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4.1 Representation of the map used in Netlogo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.2 Overview of interactions between environment and agents, and their most important variables 15
4.3 Overview of potential states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.4 Flow diagram of normal state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.5 Flow diagram of leader-follower groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.6 Flow diagram of consensus groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.7 Flow diagram of the process of an agent after they have decided where to go . . . . . . . . . . . . 18
4.8 Flow diagram of the process in a queue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.9 Flow diagram of the initialization of the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.10 Extreme conditions test: Crowd size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.11 Groups walking across a field as a visual observation . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.12 Group moving past an obstacle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.13 Drawings of the experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.14 Extreme conditions test: reaction time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.1 Average evacuation time versus number of repetitions . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.2 Number of people left in the model plotted against time under varying parameter settings using

Latin hypercube sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.3 Overview of the respective parameters, values, and statistical significance of the parameters for

the desired scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.4 Pair plots of the result of directed search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.5 Plots of evacuation time under different percentages of groups under varying crowd sizes . . . . 28
5.6 Plots of evacuation time under different fractions of group decision-schemes and different per-

centages of familiarity amongst the crowd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.7 Plots of evacuation time under different fractions of group decision-schemes and different per-

centages of familiarity amongst lower crowd densities . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.8 Plots of the effect of varying group sizes and crowd densities on the evacuation time . . . . . . . 30
5.9 Plots of the effect of different compositions of groups on evacuation time . . . . . . . . . . . . . 31

vii





LIST OF TABLES

2.1 Overview of Most used definitions of a social group, the used definition in this research, and
their respective author(s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Group decision-making schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Overview of approaches used to model evacuations . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Overview of unique traits of modelling decision-making schemes . . . . . . . . . . . . . . . . . . 7

3.1 Overview of verification which will be performed . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

4.1 Overview of processes, parameters, and default values of parameters of model . . . . . . . . . . 14
4.2 Walking speed in the model based on density in front of agent . . . . . . . . . . . . . . . . . . . . 19
4.3 Evacuation times in seconds of Cuesta’s experiment versus evacuation times in ticks in the same

setting, but then using the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5.1 Overview of the experiments, their variables, and their respective values . . . . . . . . . . . . . . 26

ix





CONTENTS

Executive Summary v

List of Figures vii

List of Tables ix

1 Introduction 1

2 Literature study 3
2.1 Group decision-making during evacuations . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Modelling decision-making schemes during evacuations . . . . . . . . . . . . . . . . . . . . . 5
2.3 Summary: theory and modelling applied to the current research . . . . . . . . . . . . . . . . . 7

3 Methodology 9
3.1 Agent-based modelling and exploratory modelling . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Setup of model verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 Setup of model validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

4 Model presentation, verfication, and validation 13
4.1 Model representation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.1.1 Purpose of the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.1.2 State variables and scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.1.3 Process overview and scheduling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.1.4 Design concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1.5 Initialization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.1.6 Submodels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Model verification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.3 Model validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.3.1 Structure tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.3.2 Behaviour tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5 Results 25
5.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.1.1 Number of repetitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.2.1 Simulation results experiment 1: open exploration of the model . . . . . . . . . . . . . . 26
5.2.2 Simulation results experiment 2: the effect of mixed schemes in different crowd densi-

ties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.2.3 Simulation results experiment 3: the effect of different group sizes and crowd composi-

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

6 Conclusion and discussion 33
6.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.2 Strengths, limitations, and future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
6.3 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

7 References 37

xi





1
INTRODUCTION

Over the last decades, the world population has increased vastly and the percentage of people living in cities
has grown, and continues to grow (Ritchie and Roser, 2018; Antrop, 2004). This increase in urbanization has
had important implications for safety management, but also for doing research on evacuations. With respect
to the former, research has shown that due to this increase in urbanization, more high density gatherings
are taking place inside buildings (Zhou et al., 2019). In other words, disasters which occur inside buildings
with a higher crowd density could potentially lead to more casualties. As regards the latter, when disasters do
happen inside buildings, many deaths could be prevented if people were to react appropriately (Grosshandler
et al., 2005; McConnell et al., 2010).

To clarify, research has shown that when people are faced with adverse conditions, they tend to want to
stay in the proximity of familiar people (Sime, 1983). As a consequence, groups can cause delays during emer-
gency situations, since they may try to gather first before evacuating (Bode et al., 2015). It is unsafe human
behaviour like this in the early stages of an emergency that mainly determines the severity of the disaster, as
this is one of the most critical stages in terms of survival (Pires, 2005). The early stages are important because
in these stages, people typically have to rely on themselves and others in their direct surroundings, since
professional emergency services can only be provided at a later stage (Rubadiri et al., 1997). Therefore, it is
important to analyse the effect of groups in case of evacuations.

In the body of literature regarding the effect of groups on evacuations, there are different, and sometimes
contradicting, findings. On the one hand, there are researchers who argue that the presence of groups is
disadvantageous for evacuations. For instance, Conradt and List (2009) and Sumpter and Pratt (2009) found
that initial movement of groups may be slower since deciding where to go often takes longer in groups as
groups first have to communicate with each other and have to reach consensus on certain important deci-
sions with regard to evacuating. On the other hand, there are researchers who argue that the presence of
groups is advantageous. For instance, groups are often considered to be more effective at evacuating because
in groups incomplete information can be pooled, eventually leading to more accurate decisions than indi-
viduals would make in the same situation (Bode et al., 2015; J. Krause, G. D. Ruxton, and S. Krause, 2010).
As regards group decision-making during evacuations, decisions in groups are made in different shapes and
forms; some groups may tend to follow the crowd (also known as herding behaviour) (Haghani and Sarvi,
2019a; Haghani, Cristiani, et al., 2019), while others may decide to assign the role of leader to one of the
members and follow his or her decisions (Moussaïd, Perozo, et al., 2010). These different types of decision-
making are often referred to as decision-making schemes (J. Davis, 1969). Interestingly, studying the effect of
different decision-making schemes on evacuations using a simulation model has yet to be done.

Modelling crowds during evacuations has been done using different approaches (Zheng et al., 2009). Two
of the advantages of simulations models over empirical research are that they allow researchers to do exper-
iments that are generally considered to be impractical or too expensive, and that they allow researchers to
model systems which are deemed too complex to analyse mentally (Maria, 1997; J. D. Sterman, 1994). There
are different kinds of simulation models with respect to evacuations. The Traditional evacuation models see
people as moving particles who will all respond exactly the same in a given situation. For instance, the panic
model made by Sime (1983) assumes that people in an evacuation can be considered homogeneous and will
become overwhelmed, confused, disoriented, and will have a lack of coordination. However, most of these
traditional models are criticized heavily as they do not include elements such as, for instance, the influence
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of groups in crowds (Drury, 2004; Duives et al., 2013; Santos and Aguirre, 2004). Many (modelling) studies
consider crowds as a collection of individuals who each have their characteristics such as desired speed, and
direction Antonini et al. (2006), Helbing and Molnar (1995), Johansson et al. (2007), and Moussaïd, Helbing,
et al. (2009). However, research has shown that pedestrians do walk in groups (Aveni, 1977; Coleman and
James, 1961; James, 1953).

A suitable modelling approach for studying groups during evacuations is agent-based modelling (Cuesta,
Abreu, and Alvear, 2015). Agent-based models have had different applications for a while now. They have,
amongst others, been used to do research on evacuation from a building in case of a fire (Kasereka et al., 2018),
trying to understand behavioural patterns and path choice in case of earthquakes (D’Orazio et al., 2014),
evacuation traffic management (Madireddy et al., 2011), and decision-making in case of tsunami evacuation
(Wang et al., 2016). Nevertheless, an agent-based model which focuses on the effect of different types of
decision-making of groups on evacuation time inside buildings has yet to be developed.

Additionally, when it comes to developing models, not coming across uncertainties is inevitable. A current
state-of-the-art approach for dealing with uncertainties is exploratory modelling. Exploratory modelling has
emerged over the last two decades and has already had its implications in many fields and on various topics
(e.g. Exploring the dynamics of farming practices in the Philippines (Olabisi et al., 2015), or to test business
models for electricity storage (Mir Mohammadi Kooshknow et al., 2020)). However, an exploratory model on
evacuations has yet to be developed.

Therefore, the aim of this research is to develop an agent-based model on the effect of different decision-
making schemes on the evacuation time, to provide a stepping stone for developing exploratory models with
respect to evacuations, and to address the need for more simulation models which include the notion of
group behaviour. To do so, I will be answering the following research question: "What is the effect of two
different group decision-making schemes (consensus and leader-follower) compared to individual decision-
making on the evacuation time inside buildings?" and relative sub questions:

1. What can be considered groups during evacuations from buildings?

2. Which group-decision making schemes do groups use during evacuations?

3. How can different group decision-making schemes be modelled in evacuation models using an ex-
ploratory agent-based modelling approach?

4. What is the effect of two different group decision-making schemes (consensus and leader-follower) on
the evacuation time, compared to individual decision-making?

To answer the sub questions, three methods will be used. The first three sub questions will be answered by
doing a literature study while the fourth will be answered by doing experiments using an agent-based model,
the Exploratory Modelling and Analysis (EMA) Workbench and Netlogo’s behaviour space.

The structure of this thesis is as follows. First, in chapter 2, I will discuss the current background literature
and will answer the first three sub-questions (section 2.3). Then, in chapter 3, I will discuss the methodology
and the setup of the validation and verification of the model. In chapter 4, the setup of the agent-based
model, and the verification and validation will be discussed. In chapter 5, I discuss the experimental setup,
show the results, and give the answer to the last sub question. Finally, in chapter 6, conclusions will be drawn,
and the results will be discussed.



2
LITERATURE STUDY

In this chapter, insight will be provided on the literature available with regard to; group decision-making
during evacuations (section 2.1), and modelling decision-making schemes during evacuations (section 2.2).
In section 2.3, a summary of the literature found will be given, along with its implications.

2.1. GROUP DECISION-MAKING DURING EVACUATIONS
For a long time, crowds were considered merely as an aggregate of people in the same location (Temple-
ton et al., 2015). However, research has shown that crowds are not only an aggregate of people without any
connection in the same location, but are also agglomerates of people who feel unity and show coordinated
behaviour which is not planned or expected by design (S. Reicher and Drury, 2010; Turner et al., 1987; S. D.
Reicher, 1984), e.g. a Mexican wave during a football match, or a group of people lifting a vehicle together
when a person is stuck underneath the vehicle. In psychology, this is referred to as physical versus psycho-
logical crowd (Neville and S. Reicher, 2011). In simple terms, a physical crowd is a large group of people in
the same place, while a psychological crowd is a group of people which feel like they share a social identity.
It is important to keep in mind that in one physical crowd, multiple psychological crowds can be present
(Templeton et al., 2015). For instance, the fans of two basketball teams make up for two psychological crowds
within one large physical crowd in a stadium. In addition to this, crowds are again made up of multiple social
groups (Oberhagemann et al., 2014). To clarify, many people who attend large scale events, such as baseball
matches or concerts, do not go there by alone. People who attend these events are usually accompanied by
friends or family, and thereby creating a social group.

Collective behaviour by groups used to be explained by one of two ways; a mass of people with one collec-
tive mind, or a mass of people who were not connected in any way, but would facilitate each other’s hidden
behaviour (Le Bon, 1960; Allport, 1924). The former states that when an entity enters a mass of people, it will
lose its personality and ability to reason and will eventually become part of a big crowd with one collective
mind (Le Bon, 1960). The latter argues that crowds do not actually have a collective mind, but are merely
an aggregate of individuals whose mutual presence stimulates behaviour which is already present in each
individual (Allport, 1924). However, researchers have argued that these explanations are incorrect since these
theories insinuate that crowds show violent behaviour, which is not always the case (Fogelson, 1971; S. D.
Reicher, 1996; Thompson, 1971).

Nowadays, collective behaviour is often described through the notion of contagion. Contagion in this
context means that seeing or hearing the behaviour of others group influences people to behave way in the
same way (see for instance; Mann et al. (2013) and Gallup et al. (2012)). However, this is also considered an
incorrect explanation as this is not able to explain group boundaries (Van Der Schalk et al., 2011; Milgram
et al., 1969). One of the most accepted ways to describe collective behaviour of groups is through the self-
categorization theory (Tajfel, 2010; Turner et al., 1987). The self-categorization theory states that individuals
can either perceive themselves as unique individuals or part of something bigger (e.g., or a group or social
category) through the process of depersonalisation (Turner, 2010). Depersonalisation means that individuals
see themselves connected to a social category and interchangeable with others in that same category. This
results in individuals shifting from being a unique identity to being a group member of a social group (Turner
et al., 1987).

3
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Table 2.1: Overview of Most used definitions of a social group, the used definition in this research, and their respective author(s)

Definition Author(s)
A social group is an aggregate of people who are brought into social relationships with each other. MacIver
A social group emerges when two or more people gather and influence one another Ogburn and Nimkoff
A social group is an aggregate of people who see themselves as a member of a group.
They expect certain behaviour from other members that they do not expect from non-group members.

Merton

A section of a crowd who share specific properties which create group-specific interactions. Müller, Wohak, and Schadschneider

In the literature, there are different definitions of what a social group is. Three of the most used definitions
are by MacIver (1952), Ogburn and Nimkoff (1947), and Merton (1968) (see table 2.1). However, for this re-
search, a different definition will be used. The definition used in this research, is the definition by Müller et al.
(2014). They define a group as a section of a crowd who share specific properties which create group-specific
interactions; these specific properties can vary between groups. They also refer to these groups as distinc-
tive groups to differentiate between groups that purposely stay together and groups that form spontaneously
through phenomenon such as herding behaviour. This definition is an appropriate definition for this study
since this study will focus on leader-follower and consensus.

One of the most important characteristic of this definition is that distinctive groups can be denoted by
spatial coherence; this spatial coherence is caused by attraction between members of a group (Müller et al.,
2014). Furthermore, Distinctive groups come in different forms. For instance, a mother and a child have a
different spatial coherence compared than a group of friends. A mother guides her child and will retain a very
close connection during evacuations, while a group of friends may have a more loose connection. That is to
say, they will walk closely when the situation allows, but will also split if needed (e.g., an emergency).

When it comes to the effect of groups on evacuations, there is only so much known about the exact effect
of groups (Van der Wal et al., 2017; Moussaïd, Perozo, et al., 2010). Similarly, studies that have been done are
primarily empirical studies (e.g. Bode et al. (2015) and Von Krüchten and Schadschneider (2017)). Haghani,
Sarvi, et al. (2019) did a lab-in-the-field experiment where they analysed the behaviour of groups under differ-
ent levels of stress. They found that (1) group size had a significant effect on pre-movement time and decision
time, (2) the exit-choice mechanism of groups is familiar to that of individuals, (3) groups were more prone
to switch their exit decisions when exposed to higher levels of stress, and (4) that as regards group decision-
making; leadership was the dominant style. Von Krüchten and Schadschneider (2017) had similar findings;
they found that groups have a significant impact on the evacuation time, but they found also that bigger
groups are more efficient at evacuating than smaller groups. This last finding is also supported by Cuesta,
Abreu, Balboa, et al. (2021). Furthermore, research has shown that pre-existing social structures influence
evacuation decision-making (Jones and Hewitt, 1986; Aguirre, Wenger, et al., 1998). For instance, Jones and
Hewitt (1986) showed that in case of companies, the form of decision-making which is adopted during evac-
uations is close to the organizational structure of the organization. That is to say, if a disaster were to happen
at a certain company which would require the building to be evacuated, managers will often (naturally) take
on the role of a leader and lead their colleagues to the exits of the building.

Group decision-making is often studied from different perspectives. Many important theories are based
on literature by Arrow (2012), Black (1948), Black et al. (1958), and J. H. Davis (1973). Even though group
decision-making is studied from different perspectives, they do overlap in the sense that they address the
same fundamental issue; aggregating individual preferences into a single group preference. Group decision-
making is considered to be a social process and comes in different shapes and forms (J. Davis, 1969). In
general, the following schemes are observed in the literature when groups try to come to a decision; (1) leader-
follower, (2) majority, two-thirds-majority (3), unanimity, (4) truth wins, (5) truth supported, and (6) first shift
(Kerr and Tindale, 2004; J. H. Davis, 1973; Hollenbeck et al., 1995; Tindale et al., 2012). The major types
(or so-called social decision schemes) which are observed in general, and have been studied, are majority
and unanimity (Kerr and Tindale, 2004; Laughlin, 2011). In short, majority means that more than half of the
people have to agree, and unanimity means that everyone has to agree.

To the best of my knowledge, the following four schemes have been observed during evacuations; leader-
follower, majority, consensus, and herding (Cuesta, Abreu, Balboa, et al., 2021; Haghani, Sarvi, et al., 2019;
Haghani and Sarvi, 2019a). The two schemes which will be analysed in this study are leader-follower and
unanimity (also known as consensus), since these two fit right into the definition of social group used in this
research and different findings were found with respect to which scheme is dominant during evacuations. On
the one hand, in the experiments conducted by Cuesta, Abreu, Balboa, et al. (2021), they found that in groups
of 5 members, consensus was the most perceived decision-making mechanism (64%). In groups of 12, they
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found that some groups used unanimity (48%), while others used majority (48%) or leader-follower (4%). In
the smaller groups, leader-follower behaviour was not perceived. On the other, Haghani, Sarvi, et al. (2019)
observed a different distribution of decision-making schemes in their experiment. They found that leader-
follower was by far the most dominant scheme. Approximately 60% of the groups used leader-follower as
their decision-making mechanism. Leader-follower behaviour is often observed in case of evacuations and is
described as one individual being the leader of a group, while the remaining members of the group are merely
followers which follow the leader in their decisions (Moussaïd, Perozo, et al., 2010). The leader of a group
varies per situation; in some situations it is determined by social structure, while in others it is determined by
the level of training which individuals have had (Aguirre, El-Tawil, et al., 2015).

Consensus decisions is a phenomenon which is often observed in both groups of animals and humans.
Groups of animals often have to make important decisions which require consensus (e.g. their direction,
which activities they have to perform, and the duration of said activities) (Conradt and Roper, 2003). These
decision often have to be taken because there are conflicting interests present in the group (Couzin et al.,
2005). However, if these conflicts cannot be resolved, i.e. consensus cannot not be reached, a group will often
split, and the respective members will not be able to benefit of being part of a big group (J. Krause, G. D.
Ruxton, G. Ruxton, et al., 2002).

As regards humans, a lot of research has been done on the decision-making process of individuals or
groups, but also on the differences between the decision-making process of individuals and groups under
varying circumstances (e.g. Cuesta, Abreu, Balboa, et al. (2021), Lovreglio, Ronchi, et al. (2015), Haghani and
Sarvi (2016), Haghani, Sarvi, et al. (2019), and Kocher and Sutter (2005)). An important finding in this body of
literature and related to the field of this research is that individuals still agree with the majority of groups even
though they know the others are in the wrong (Asch, 1956). That is to say, they found that the influence of the
majority of a group plays a significant role in group decision-making (Asch, 1956). Similarly, Dyer et al. (2008)
found that in group decision-making, a minority of informed people is able to guide a group of uninformed
people, and the time to reach a destination or the deviation from the target is reduced by the presence of
informed individuals. They also found that whenever there is an imbalance in the number of people with
conflicting information, the majority directed the direction of the group. With respect to modelling consensus
decision-making during evacuations, no models have been developed yet. Based on the aforementioned
notions, this study will be the first to model consensus based decision-making in groups during evacuations.

Both of these schemes are conscious decisions. However, evacuees also make decisions subconsciously
during evacuations. To clarify, during evacuations, evacuees often subconsciously are influenced by others
with respect to decisions. research has shown that when it comes to exit choice, people are often influenced
by other’s exit choice (Haghani and Sarvi, 2019a; Lovreglio, Fonzone, et al., 2014). That is to say, during
evacuations, evacuees often change their exit choice when others in their proximity change their exit choice;
this is commonly known as herding behaviour. Table 2.2 provides an overview of all the mentioned decision-
making schemes, their definition, their layer of decision, and the context in which they appear.

Table 2.2: Group decision-making schemes

Scheme Definition Layer of decision Context of scheme
Leader-follower One person takes the lead in a decision and other members follow Conscious Everyday lives, and evacuations
Majority Single decision by a group when more than half of the group agrees Conscious Everyday lives, and evacuations
Two-thirds-majority Single decision by a group when two third of the members agree Conscious Everyday lives
Unanimity Group comes to a decision when everybody in the group agrees Conscious Everyday lives, and evacuations
Truth wins One member who is informed is enough to make a decision Conscious, and subconscious Everyday lives
Truth supported Two members who are informed is enough for a group to make a decision Conscious, and subconscious Everyday lives
First shift When in a deadlock, if one person changes their mind, others will often follow that person Conscious, and subconscious Everyday lives
Herding behaviour Evacuees unconsciously follow other people in a crowd Subconscious Evacuations

2.2. MODELLING DECISION-MAKING SCHEMES DURING EVACUATIONS
In the previous section, evacuations were discussed from a more empirical perspective. However, evacua-
tions can also be studied by using models. There are different approaches to model crowd behaviour during
evacuations. Zheng et al. (2009) have discussed seven approaches which are often used in modelling evacua-
tions; (1) cellular automata (Wolfram, 1983), (2) lattice gas models (Fredkin and Toffoli, 1982; Wolfram, 1983),
(3) social force models (Helbing and Molnar, 1995), (4) fluid dynamic models (Hughes, 2002), (5) agent-based
models (Goldstone and Janssen, 2005), (6) game theoretic models (Lo et al., 2006), and (7) approaches based
on experiments with animals (Saloma et al., 2003)1. Cellular automata is a method where at discrete time

1This method will not be considered as it is not a real simulation model method.
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steps a grid evolves over time; cells in a grid change in value based on values of neighbouring cells and the
values of the previous time step (Wolfram, 1983). Lattice gas models are a specific type of cellular automata.
In lattice gas models, individuals are seen as particles which move over a grid. Social force models are models
where the speed and direction of an individual is determined by four factors; the desire to reach a desti-
nation, the need to keep a certain distance from others, tries to avoid bumping into objects such as walls,
but is sometimes attracted by other individual or friends. This type of method is often combined with other
methods (e.g. Lin et al. (2006) and Guo and Huang (2008)). Compared to the previously explained models,
fluid-dynamics models explain pedestrian crowds by assuming crowds have fluid-like properties (Henderson,
1971; Bradley, 1993; Helbing, Farkas, et al., 2002). The core of these models is partial differential equations.
That is to say, fluid-dynamics models use these types of equations to describe the changes in density and
velocity of a crowd. As regards game theoretic models, these types of models are ideal for situations where
the decision process of an evacuee is the focal point (Lo et al., 2006). Contrary to the other approaches, which
have a more top-down structure, ABM builds structures bottom-up by simulating individuals as agents with
unique characteristics which could create emergent behaviour through the rules that dictate the interactions
amongst agents (Wilensky and Rand, 2015). Agent-based modelling has been used for evacuation studies
and is regarded a suitable method. Bonabeau (2002) and Zheng et al. (2009) argue that collective panic be-
haviour emerges from complex individual behaviour and interactions between people, agent-based models
capture emergent phenomena, give a natural description of a system, are flexible, and have successfully de-
scribed pedestrian behaviours (see Braun et al. (2005) and Bandini et al. (2005)). Similarly, Templeton et al.
(2015) argue that agent-based models are able to simulate psychological crowds and self-categorization in
crowds, since they can capture varying levels of perceptual and cognitive processes. However, an agent based
model which captures the notion of different group decision-making schemes has yet to be developed. Table
2.3 gives an overview of the methods, their description, and whether the time and space are continuous or
discrete.

Table 2.3: Overview of approaches used to model evacuations

Modelling approach Description Time step and Space Examples

1. Cellular Automata
A uniform grid with cells where values of cells are determined at

each time step by the value of variables of neighboring cells
Discrete

-L. Yang et al. (2005)
-Daoliang et al. (2006)

2. Lattice gas models Special form of cellular automata where participants are particles moving on the grid Discrete
-Tajima and Nagatani (2001)
-Nagai et al. (2005)

3. Social force models A model where pedestrians move based on desires to avoid or go to certain objects Continuous and discrete
-Lin et al. (2006)
-Guo and Huang (2008)

4. Fluid dynamic models Approach where crowds behave as gases or fluids Continuous
-Hughes (2002)
-Colombo and Rosini (2005)

5. Agent-based models
Approach where structures are build bottom up and heterogeneity

of agents causes emergent behaviour
Continuous and discrete

-Zarboutis and Marmaras (2004)
-Toyama et al. (2006)

6. Game theoretic models Models which focus on decision-making based on utility Discrete -Lo et al. (2006)

As noted before, groups may use different schemes to come to a decision during evacuations. In sec-
tion 2.1, it was observed that the four schemes which are during evacuations are; (1) leader-follower, (2)
unanimity or consensus, (3) majority of vote, and (4) herding behaviour. Nevertheless, only consensus and
leader-follower will be considered in this study. As regards modelling leader-follower behaviour, there are
different nuances. However, in general, in all the models of publications found which include modelling
leader-follower behaviour, the followers move towards the leader, and the leader determines the exit and
path towards the exit. When looking at the nuances, it can first be observed that there are different ways to
determine the leader of a group. Some of the studies which include leader-follower behaviour determine the
leader of the group randomly (e.g. Mao, Fan, et al. (2019)), while others assign it to the one closest to the
exit (e.g. K. Li et al. (2019) and Xie et al. (2021)). Secondly, different models have different rules on whether
group members were allowed to switch groups. In some models, group members were able to switch groups
(e.g. Mao, Fan, et al. (2019), and in others the size of the group stayed fixed (e.g. Zhang et al. (2018)). Finally,
in some models, leaders of the groups were susceptible to influence from either external or internal factors
(Mao, Fan, et al., 2019; Mao, S. Yang, et al., 2020; Qin et al., 2018). With respect to modelling consensus (or
unanimity), to the best of my knowledge, no model is available which touches on the notion of consensus in
human groups. However, one study was found which modelled consensus making with respect to groups of
animals on the move. Couzin et al. (2005) performed a simulation study on collective behaviour and decision-
making via consensus. They concluded that if a small portion of a group (of animals) which is on the move
is informed, this same small portion of the group is able to move the rest of the naïve individuals towards a
location. They also concluded that consensus can be reached even when informed individuals in the group
don’t know anything about the information other individuals may potentially have. A small overview of these
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findings can be found in table 2.4. Interestingly, from this literature study, it was observed that none of the
studies found used agent-based modelling. This indicates that there is a lack of agent-based models which
address the notion of group decision-making schemes.

Table 2.4: Overview of unique traits of modelling decision-making schemes

Author(s) Unique model trait Type of model Decision-making Scheme Humans or animals

Zhang et al., 2018
-Members have the possibility to switch groups
-Leader of the group is the one in the middle

Social force Leader-follower Humans

Qin et al., 2018 Groups are fixed, no one can switch Social force Leader-follower Humans
Wang et al., 2016 Groups gather first before evacuating Social force Leader-follower Humans
K. Li et al., 2019 Assign role of leader to the one closest to the exit Social force Leader-follower Humans
Mao et al., 2019 Leaders are influenced by others both in- and outside the group Social force Leader-follower Humans
Mao et al., 2020 Leaders are influenced by others and have impact on other group members Social force Leader-follower Humans
Y. Li et al., 2021 Leader backtracks Social force Leader-follower Humans
Xie et al., 2021 Included variable which indicates the desirability of followers to follow leader Cellular automata Leader-follower Humans
Couzin et al., 2005 Within groups, members transfer information without signalling Mathematical model Consensus Animals

2.3. SUMMARY: THEORY AND MODELLING APPLIED TO THE CURRENT RESEARCH
As stated in the previous sections, there is a lack of models which include the notion of group behaviour. As
regards groups, research walk in groups, either consciously or subconsciously, and that groups use different
decision-making schemes in order to make a decision. Two of these conscious decision-making schemes
will be the focal point of this study, namely consensus and leader-follower. These two fit right within the
definition which is used; a group as a section of a crowd who share specific properties which create group-
specific interactions, which can also vary between groups. As regards the modelling method, agent-based
modelling is considered to be a suitable method to analyse the effect of group decision-making schemes on
the evacuation time and will, therefore, be used. Multiple researchers argue that agent-based modelling is
able to capture emergent behaviour and multiple levels of perceptual and cognitive processes. See section
3.1 for a more detailed explanation on agent based modelling.

Figure 2.1: Conceptual model

figure 2.1 gives an overview of the essence of the model. Three types of groups will be interacting with
one another; groups which use the leader-follower decision-making scheme, groups which use consensus
decision-making, and groups of which the members will evacuate individually. This last group will serve as a
reference in order to analyse the effect of groups on the evacuation time compared to evacuating individually.
It is, however, important to keep in mind that in this research, groups will be modelled in a more abstract way.
The stick figures in figure 2.1 could be seen as groups of children, or groups of friends, but this is not the case.
This research considers groups on a more abstract level.

As regards modelling the different types of groups, a few key concepts found in the literature will be used.
First, both the consensus and leader-follower groups will gather first before evacuating. Secondly, the leader
of leader-follower groups solely determines the exit and path towards the exit, all the other members will
simply follow the leader. Thirdly, with respect to consensus decision-making, the most important finding will
be implemented in this model; minorities who are informed are able to convince majorities who are unin-
formed. That is to say, if one of the group members of a consensus groups if familiar with the building and
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knows where the nearest exit is, the group will eventually move towards that exit. However, since there are
different ways to model leader-follower behaviour and consensus decision-making in light of evacuations has
not been done yet, uncertainty is present. One of the state-of-the-art methods to deal with uncertainty in a
structured way is exploratory modelling. Exploratory modelling is a method which aims to explore the uncer-
tainty space of a system by running the model numerous times under different parameter settings (Kwakkel,
2017). This study will do exactly so by using Netlogo’s behaviour space and the EMA Workbench (Kwakkel,
2017).



3
METHODOLOGY

In this chapter, the methodology will be discussed. In section 3.1, it will be discussed why an exploratory
agent-based modelling approach was chosen for this research, and what software package will be used. In
section 3.2 and 3.3, the setup of the verification and validation of the model will be discussed.

3.1. AGENT-BASED MODELLING AND EXPLORATORY MODELLING
As shown in chapter 2, there are different ways to modelling evacuations inside buildings. For this research,
agent-based modelling was chosen.

Agent-based modelling is a modelling simulation approach which allows users to analyse and simulate
the effects of interactions between individuals (so-called agents) and their environment in a system over time
(Wilensky and Rand, 2015; Crooks and Heppenstall, 2012). An agent can represent anything from a company
to a human or bird; the key point is that agents in agent-based modelling are autonomous, heterogeneous,
and active (Wooldridge and Jennings, 1995). That is to say, they are able to make independent decisions, have
different attributes, and exert influence on other agents and their environment.

There are many advantages to using agent-based modelling. The main advantage of using agent-based
modelling in contrast to other approaches is that within agent-based models, agents are modelled as unique
beings which each have their own set of characteristics. As a result of these different sets, emergent be-
haviour can occur (Wilensky and Rand, 2015). Emergent behaviour is observed often during evacuations.
For instance, Aguirre, Wenger, et al. (1998) have shown that based on pre-existing social relations, some-
times norms can emerge during evacuations which would normally not occur. Similarly, Bonabeau (2002)
argue that panic behaviour emerges from interactions between individuals. Another advantage of agent-
based modelling is that it allows a modeller to give a more natural description of a system (Bazghandi, 2012).
For instance, it is easier to describe how an individual walks through a corridor than describe to describe
the dynamics of a whole crowd through a set of equations. However, there are also disadvantages to using
agent-based modelling.

The first disadvantage of this modelling method, and all modelling methods in general, is that the right
level of abstraction has to be used for a model to serve its intended purpose (Couclelis, 2002). If the level of
abstraction is too detailed, there is a chance that the model quickly becomes too complicated and difficult
to understand. However, if the model is too simply, key aspects may be missed. Another downside of agent-
based modelling is that often complex natures of agents has to be modelled. Quantifying, calibrating, or even
justifying these complex natures is difficult and a trade of its own (Crooks and Heppenstall, 2012). Finally,
One of the main downsides of agent-based modelling is that it’s a rather computationally expensive method
to use (Zheng et al., 2009). Agent-based models look at a system at a very detailed level. As a consequence,
developing agent based models often requires modelling many attributes, behaviours, and their interaction
with their respective environment. These factors are often uncertain and require an agent-based model to be
run multiple times under different initial conditions and parameter settings (Axtell, 2000). A suitable way to
deal with this uncertainty is by using exploratory modelling.

Traditionally, models were developed in a consolidative manner. That is to say, based on unified knowl-
edge and potential information available, an attempt would be made at developing the ’perfect’ model. How-
ever, when it is observed that the system under study is characterized by a lot of uncertainty, then the use of

9
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consolidative models does not see fit any more. When this is the case, a novel approach to thinking about
and developing models has to be taken, namely exploratory modelling (Auping, 2018). Exploratory mod-
elling was first introduced by S. Bankes (1993) and is used to understand the uncertainty space of a system
(Kwakkel, 2017; S. Bankes et al., 2013). To do so, exploratory modelling uses model-based scenario tech-
niques, which explore large ensembles of plausible futures using sampling techniques (S. Bankes, 1993; S.
Bankes et al., 2013; S. C. Bankes, 2002; Van Asselt and Rotmans, 2002). There are generally two approaches
used to explore an uncertainty space of a system; (1) open exploration and (2) directed search. The former
uses systematic sampling, while the latter searches for scenarios in a directed manner using optimization
algorithms (Kwakkel, 2017). In this research, both of these techniques will be used. With the former, insight
will be gained into the behaviour of the model across the uncertainty space. With the latter, insights will be
given in how directed search could be used to find desired scenarios. A further elaboration will be given in
chapter 5.

As regards software packages, Netlogo will be used as software for developing the agent-based model, and
the EMA workbench (Kwakkel, 2017) will be used for exploratory modelling. Netlogo was chosen because it
is a simple environment in which complexity can be modelled easily, and allows for direct connection to the
EMA workbench.

3.2. SETUP OF MODEL VERIFICATION
In terms of verifying the model, Ronchi et al. (2013) wrote a paper on how to validate and verify models in
case of fires in buildings. Even though this paper focuses on fires inside buildings, I believe that some of
these verification tests can be used to determine whether the implementation has been done correctly, since
evacuation models overlap in core principles.

The tests in this paper distinguish five core components of evacuation models; 1) pre-evacuation time, 2)
movement and navigation, 3) exit usage, 4) route availability , and 5) flow conditions/constraints. Table 3.1
shows the 5 core components and their respective tests which will be performed.

Table 3.1: Overview of verification which will be performed

Core component Test
1 Pre-evacuation time distributions

2
-Group behaviours
-Movement around corner

3 Exit route allocation
4 none

5
-Maximum flow rates
-Congestion

3.3. SETUP OF MODEL VALIDATION
Validation is an important aspect of modelling. In general, validation is used to build confidence in the model
with respect to its purpose (J. Sterman, 2002; Forrester and Senge, 1980). In this research, several tests were
performed based on Forrester and Senge (1980); tests where the validity of the model was assessed without
running the model (structure tests), and tests which involved running the model (behaviour tests).

As regards structure tests, the following tests were performed (1) Direct structure assessment test, and (2)
Direct boundary adequacy test. The Direct structure assessment test is a test where the model’s structure is
assessed based on its concordance with the real system and laws of nature. The Direct boundary adequacy
test tests whether the boundaries are adequate for the purpose of the model. That is to say, are the bound-
aries, for instance, large enough to capture key aspects. These structure tests were chosen because modelling
social groups (while using agent-based modelling) is novel and has not been done before. The direct structure
assessment test is done because literature has shown that modelling certain core elements can be done in dif-
ferent ways. The boundary adequacy test can give insight into whether the scope of this model is appropriate
enough with respect to the purpose of the model.

As regards behaviour tests, the following tests were performed in order to determine the validity of the
model: The (1) Extreme conditions behaviour test, (2) Visual observation of groups, and (3) Historical repli-
cability. The Extreme conditions test is to test whether the model holds under extreme conditions, and to
determine what those extreme conditions are if the model does not hold. The second test is the visual ob-



3.3. SETUP OF MODEL VALIDATION

3

11

servation of groups test. This test originates from a paper written Köster et al. (2014). In this paper, there are
a set of tests which can be formed in order to determine the validity of a model related to crowd dynamics
which includes social groups. The visual observation tests sketches two situations: an open field, and a small
corridor with an obstacle. In case of an open field, the test demands that groups walk abreast, stay together,
and overtake slower groups. When in a small corridor with an obstacle, the test demands that groups cir-
cumvent the object as a whole or split up in front of it, and that the group reunites after passing the obstacle.
The last test, historical replicability, is based on a guide by Nikolic et al. (2019) on good modelling practices.
Based on this test, one can determine whether the model is good enough to be able to replicate historical
data. These tests were chosen because modelling human behaviour during evacuations can be done in dif-
ferent ways, and this research is one of the first agent-based models which focuses on exploratory modelling
of evacuations inside buildings.

Behaviour tests were performed because it’s not only important to look at the model as something static,
but also to look at it in a dynamic way. The extreme conditions test is a good way of testing the limits of a
model and to see if it shows proper behaviour under basal circumstances. The visual observation group is an
ideal test to determine whether groups show similar behaviour to previous findings. The historical replica-
bility test is a suitable test for determining whether the model shows results in the same order of magnitude
as the original experiment. It is important to keep in mind that with enough parameters, it is easy to replicate
data. In science, this is also known as von Neumann’s elephant (Dyson, 2004).





4
MODEL PRESENTATION, VERFICATION, AND

VALIDATION

In this chapter, the model representation (section 4.1), and the verification and validation of the model will
be discussed (section 4.2 and 4.3). In this research, the ODD protocol is used to present the model.

4.1. MODEL REPRESENTATION
Throughout the years, agent-based models have been criticized for being poorly documented and could,
therefore, not be replicated accurately (Grimm, Berger, De Angelis, et al., 2010; Lorek and Sonnenschein,
1999). This lack of replicability has been acknowledged by different disciplines, and different initiatives were
proposed to solve this “replication crisis” (Fanelli, 2018; Monks et al., 2019; Peng et al., 2011; Wilkinson et al.,
2016). One of the proposed solutions for agent-based models is the ’ODD’ (Overview, Design concepts, and
Details) protocol created by Grimm, Berger, Bastiansen, et al. (2006).

4.1.1. PURPOSE OF THE MODEL
The purpose of this model is to understand how two of the decision-making schemes observed in social
groups during evacuations influence the evacuation time in case of emergencies inside buildings. This is
done by first exploring the behaviour of the model by sampling through the uncertainty space using Latin
hyper cube sampling and the EMA Workbench. After sampling through the uncertainty space, the prim al-
gorithm will be used to find the parameter ranges for a sketched example scenario. Subsequently, Netlogo’s
behaviour space will be used to specifically look at the effect of group decision-making schemes on the evac-
uation time. The map chosen to perform the experiments in is a self-made map. The map represents a room
or area which contains multiple separate smaller areas. The main idea behind this map is that it can represent
different general areas; a few examples of maps this could be a representation of is an office or a sub-section
of a mall (see figure 4.1).

Figure 4.1: Representation of the map used in Netlogo
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4.1.2. STATE VARIABLES AND SCALES

This subsection elaborates all the process that take place in the model. Each subsection will discuss a section
of the model.

ENVIRONMENT

As regards the environment, only one process takes place, which is the initialization of the model. That is to
say, patches are coloured and given variables such that agents can calculate their path towards the exit, know
where they can walk, and walk towards their destination.

AGENTS

Each Individual, also known as ’person’ in the model, is characterized by its own state variables such as
’leader?’, ’defined-exit’, ’agreed?’, ’walking-speed’, ’reaction-time’, ’queue?’, ’task?’. Each of these variables
determine where they are going, where they are, or what role they assume in a group. On a group level,
each group is characterized by its group number and type. Group number is just a number used to assign
evacuees to a group. As regards group type, there are three types of groups which are determined by two
variables; ’percentage-consensus’, and ’percentage-leader-follower’. The percentage of the last group, the
group of which members evacuate individually, is calculated by deducting the two aforementioned percent-
ages from 1. Table 4.1 provides an overview of all important variables used in the model. That is to say, the
variables that were used to, for instance, check if agents have spent their modelled time on a task. Standard
variables such as ’patch-color’ are not included.

Table 4.1: Overview of processes, parameters, and default values of parameters of model

Variable Value Description

Exit_patches Set of patches which function as exit
Exit_queue Variable which will contain a list of evacuees who are in a queue
Nr-of-people 120 Number of people in th emodel
Percentage-familiar 0.5 Percentage of people familiar with the building
Type-of-group Consensus, leader follower, or evacuate individually Describes what type of group the agent is in
Group-number 1 To indicate which group is which
Group-member 1 To indicate which agent is which group member
Percentage-consensus 0.33 Percentage of groups with the "consensus" type
Percentage-leader-follower 0.33 Percentage of groups with the "leader-follower" type
Walking speed 1 Walking speed of evacuees
Emergency? False or True Indicates whether there is an emergency going on
Task? False or True To determine whether an agent is performing a task
Agreed? False or True Determines whether a group member in a group with consensus agrees or not
Leader? False or True Is the member a leader or a follower?
Familiar? False or True Indicates whether a person is familiar with the building or not
Queue? False or True To determine whether an evacuee is currently queueing for an exit
Task-time Random normal distribution (28, 22) Time it takes to perform a task
Reaction-time Random uniform distribution (1, 5) Time to react before moving towards the set exit

This model proceeds in time steps of seconds. Within each second (which is equal to a ’tick’ in this model),
a few processes take place; figure 4.2 gives a general overview of the interactions between agents and the
environment1.

1A more detailed explanation of all the processes is given in section 4.1.3.
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Figure 4.2: Overview of interactions between environment and agents, and their most important variables

In general, the environment in this model determines where evacuees are going, and where they are allowed
to walk; the colour of the patch determines where they walk and where the exits are, and the ’Emergency?’
variable determines whether agents are going to evacuate or not. Evacuees interact with themselves in the
sense that they are part of a group and can be hindered by others while walking.Further more This model
contains multiple maps used for different purposes. The map called ’cuesta’ (figure 4.13) is used for validation
purposes, the other map; ’office’ (figure 4.1) is used for exploring purposes and for determining the effect of
group decision-making schemes on the evacuation time. The dimensions of the rooms are as follows, the
room used for validation purposes is 8 by 8 m. The room used for exploring purposes is 60 x 40 m. In all the
maps, a patch is equal to 1m2. The total number of square metres which the agents can walk on is 1400.

4.1.3. PROCESS OVERVIEW AND SCHEDULING

This model proceeds in time steps of seconds. Within each second, a certain number of processes take place.
In general, an agent can be in three states; normal, investigating, or evacuating (Reneke and Reneke, 2013).
However, in this model, agents go straight from the normal state to the evacuating state (see figure 4.3); all
agents believe that the alarm is a genuine alarm, and they should start to evacuate immediately. The reason
behind this is that the purpose of the model focusses on the evacuation process, i.e. the evacuating state, and
not the other states. Hence, agents move straight from the normal state to the evacuating state.
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Figure 4.3: Overview of potential states

In the normal state, there are two possible actions; (1) walking around, or (2) doing a task. When walking
around, an agent moves to a neighbouring patch every tick (read second). When doing a task, the agent does
not move and spends a certain number of seconds in place. Furthermore, an agent always checks whether
there is an emergency. If so, it transitions to the evacuating state. If not, it will continue doing its task, start a
new task, or walk around. Figure 4.4 depicts a flow diagram of this state.

Figure 4.4: Flow diagram of normal state

In the evacuating state, three types of groups are modelled; (1) Leader-follower, (2) consensus, and (3) groups
of which members evacuate individually. The first group type can be seen in figure 4.5. When an emergency
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happens, all the members of the group move towards the leader of the group (the leader of the group is
the member with member ID equal to 1). Once they are near the leader, they are present. Once everybody
is present, the leader determines where the group goes and everybody starts moving towards the exit. The
destination of the leader depends on their familiarity. If they are not familiar with the building, they will move
to the main exit. If they are, they will move to the closest exit.

Figure 4.5: Flow diagram of leader-follower groups

Groups who are characterized by consensus have a somewhat similar process as groups with leader-follower
(see figure 4.6. The main difference between these two groups is that consensus groups focus on distribution
of information. Furthermore, as seen in the literature, people who are informed are able to convince others
who are not informed and are able to guide them towards a certain direction. In this model, this is applied
to groups with consensus. When the group uses consensus to decide where to go, they will always go to
the closest exit if someone is familiar with the building. That is to say, about convincing others that group
members who are familiar with know the best way out. This is modelled as follows; the chance of an agent
agreeing increases with the number of agents in their group who are familiar with the building. Members
of groups, of which the members evacuate individually, just evacuate by themselves; they each individually
calculate their own path and evacuate. This type of group was implemented to be able to determine the effect
between evacuating as groups and evacuating alone.
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Figure 4.6: Flow diagram of consensus groups

Now, when all the group members know where they are supposed to go, they start to calculate their path and
move towards their destination. Figure 4.7 provides an overview of the process of moving towards the exit.

Figure 4.7: Flow diagram of the process of an agent after they have decided where to go

The first step towards walking towards an exit is calculating the path. The agents calculate their path by using
the A* algorithm. This algorithm was introduced by Hart et al. (1968) and can be considered an extension of
Dijkstra’s algorithm.

After having determined their path, and before they actually start moving towards their destination, the
agents first have a reaction time. The reaction time chosen for this model is based on research by Lovreglio,
Kuligowski, et al. (2019). In this research, they reviewed over 103 evacuations and categorized them by mean
evacuation time and categories. The mean and standard deviation of the pre-evacuating time was set to
respectively 28 and 22 seconds. This was based on a rough estimation of the office section in this paper.

After they have passed their reaction time, the agents start moving towards their exit. As regards walk-
ing, walking speed, and interacting with other agents while walking; this model uses the social force model
(Helbing and Molnar, 1995). The social model slows agents down when there are other agents in the same
lane and in front of them because they are exerting force on one another. This ’congestion’ factor is based
on a paper by Ibrahim et al. (2016). In short, agents can walk at their desired speed when there is less than 1
person per m2 and can hardly proceed any further when there is 8 people present per m2 in front of them.
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Table 4.2: Walking speed in the model based on density in front of agent

Density (Person/m2) Speed (m/s)

< 2 0.8
2 0.7

2 - 5 0.55
5 - 7 0.35
> 7 <0.1

Not everyone can leave the building at once. That is to say, agents have to queue up before they can leave the
model. In this model, a maximum of 4 agents can leave the building per exit per second, which is based on
Still (2014). In short, if there are more than 4 people in the queue, only 4 people leave the queue. If there are
less than 4, all people in the queue leave the queue and, subsequently, the model (see figure 4.8).

Figure 4.8: Flow diagram of the process in a queue

4.1.4. DESIGN CONCEPTS
Design concepts is a common framework used for communicating ABMs. It is a checklist where, if certain
design concepts are present, they are discussed.

Emergence: evacuation dynamics emerge from behaviour on an individual level and from groups. Each group
has its own type, and the interference of this type can lead to emergent behaviour. Furthermore, inside a
group, emergent behaviour may occur as well as group members interact with each other.

Interaction: Interaction only takes place when groups characterized by consensus decision-making are ex-
changing information before evacuating, and when agents are walking. Agents influence each other when
walking because they exert forces on each other.

Stochasticity: all parameters which are either regarded a chance or probability are drawn from a uniform
distribution. An example of a parameter which uses a uniform distribution is ’task-time’; this parameter
draws a value from a uniform distribution between 1 and 5 and determines how long an agent will take to
perform a task. This was done as there was only empirical information on certain aspects, or no information
at all. Modelling stochasticity in this model was done by comparing the probability of an input variable with
a randomly generated number, which could have a value between 0-1. The distribution of group sizes is done
using a uniform distribution. This may not be accurate because James (1953) showed that the distribution of
group sizes is that of a negative binomial distribution. Unfortunately, this could not be implemented in the
software package used (Netlogo).

Observation: for model testing and validation, the behaviour of both the individuals and groups was observed
by looking at the display, analysing the code and flow diagrams, and comparing results of runs to existing
studies. For model analysis, experiments were performed using the evacuation time as the main KPI.

Collectives: collectives in this model are represented as groups of people. They do not occur due to emerging
phenomena; agents are part of a group when the model is initialized. The groups are separated through
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having different members, which cannot switch groups, a group ID, and a type of decision-making. Each
type of decision-making has its own process (see 4.1.3).

4.1.5. INITIALIZATION
When initializing the model (see figure 4.9, a set of steps happen in a dedicated order. First, all the variables
are reset. Secondly, the map is loaded, the colours of patches are corrected, and the agentsets and lists related
to patches are initialized. Thirdly, the agents are created. When creating the agents, they are first distributed
on the map location wise, after which they determine whether they are familiar with the building or not and
set their known exit based on this familiarity. Fourthly, groups are configured and are then moved around the
map. That is to say, once agents know what group they are part of, they will move to a close proximity of one
another. Finally, the ticks are reset.

Figure 4.9: Flow diagram of the initialization of the model

4.1.6. SUBMODELS
This model did not contain any specific submodels, therefore this section can be disregarded.

4.2. MODEL VERIFICATION
Pre-evacuation time distributions

The pre-evacuation distributions test aims to test whether the pre-evacuation times are according to the
desired distribution. This is tested by spawning 10 agents and checking their evacuation times. The expected
result in this test is that agents should have a plausible evacuation time according to the used distribution.
The result is that this model passed the test. After setting up the model 10 times, it can be concluded that
agents show plausible evacuation times. No agent had a negative or extremely high evacuation time.

Group behaviours

This test was designed to perform a qualitative verification of the behaviour of groups. With this test, you
identify whether sub-groups are available and if group behaviours can be reproduced. This test is performed
by creating two groups where one is quicker than the other. The quicker group starts behind the slower group,
and should overtake the group and end up together again. The expected result of the group behaviours test
is that groups arrive at the same time, and the time of arrival between the first and last group member should
not be more than 10 seconds apart2. This test was performed 10 times, and the result is that the model passed
this test. The first group overtook the second group and arrived together at the other side with no more than
10 seconds between the first and the last person. The average time difference was around 5 seconds.

Movement around corners

The movement around corners test is to verify whether agents adhere to the boundaries of the model. In
this test, twenty persons were spawned in a section of the model where they had to go around a corner.
The expected result is that The result agents are able to navigate successfully around a corner. This test was
done through physical observation, and it can be concluded that when agents are trying to navigate around
a corner, they do not walk onto a black patch (these represent walls in the model). Therefore, this test has
passed.

Exit route allocation

In this test, people are spawned in certain sections of the map and assigned a certain exit based on the short-
est distance to those exits. The aim of this test is to determine whether agents move to appropriate exits. The
result of this test was that a small section of the map (top left corner) chose the wrong exit. The agents calcu-
late the distance to an exit as the crow flies. This resulted in some agents choosing the wrong exit as there was
a big wall, and they had to walk around it. After fixing that part of the map, the model behaved accordingly.

2This number is arbitrary
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Maximum flow rates

This test aims to verify whether agents leave at the programmed rate. This test was performed by assigning
100 agents the same exit and then tracking the queue size and number of agents in the model. After physi-
cally running the model 20 times and observing the queue, it was seen that the queue behaved accordingly.
Therefore, it can be concluded that the model passed this test.

Congestion

In this test, agents have to walk through a smaller section and test whether they adjust their walking speed
accordingly. After spawning a set of agents in a smaller section of the map and physically observing their
behaviour, it was found that people hardly moved in bottlenecks, and were able to roam freely with their
desired speed after the bottleneck. Therefore, this test was also passed.

4.3. MODEL VALIDATION

4.3.1. STRUCTURE TESTS
Direct structure assessment test

When looking at the structure of the model, it does show similarities to the real system. For instance, Groups
stay together and follow one another; people evacuate when an emergency happens; people do not evacuate
immediately, but have a reaction time; and only a certain number of people can leave the building per second.
However, there are three aspects which may not exactly be according to the real system. First, locomotion
models. In this model, the social force model is used as the locomotion model. In short, in models which use
social force as their locomotion model, agents are either repelling or attracting other agents. If, for instance,
a friend is in front of the agent he will be more inclined to move towards that agent while if there is a wall, the
agent will be repelled. However, the social force model is not the only locomotion model available. In general,
there are many types of locomotion models, ranging from force based models (e.g. the social force model)
to heuristic based models (e.g. the behavioural heuristics model) (Helbing and Molnar, 1995; Seitz et al.,
2016). However, one is not necessarily better in every aspect (Kleinmeier et al., 2019). Second, leader-follower
behaviour and consensus decision-making. In this model, leader-follower behaviour is modelled in a general
way. That is to say; the leader determines the path or exit and group members move towards the leader.
However, there are still aspects of leader-follower behaviour which have yet to be incorporated. For instance,
this model does not include backtracking (Y. Li et al., 2021), or influence of other individuals on the leader
(Mao, Fan, et al., 2019; Mao, S. Yang, et al., 2020). As regards modelling consensus decision-making, there are
no agent-based models public which have incorporated consensus-decision making. Finally, the process of
evacuating. In this model, once evacuees start moving towards their exit, they blindly walk towards that exit.
This is not according to the real system. In the real system, evacuees may, amongst others, help each other
(Drury et al., 2009; Sivers, Templeton, Köster, et al., 2014), change their exit choice mid-evacuation (Bode
et al., 2015), or trip while moving towards the exit (Santos and Aguirre, 2004).
Direct boundary adequacy test

The purpose of this model is to study the effect of groups on evacuation time. The main component in this
model which answers that question is the presence of groups. Groups in this model are modelled in three
ways; as a leader-follower group, a consensus decision-making group, or as groups with people who evacuate
individually. One of the main assumptions in this model is that groups are fixed and members can, therefore,
not change groups. this assumption limits the model in such a way that emergence may be suppressed be-
cause, in reality, members may become part of a different or bigger group (Lu et al., 2017; Xiaoge et al., 2014).
Similarly, buildings often have multiple floors and research has shown that the presence of stairs influences
evacuation dynamics (Huo et al., 2016). Last but not least, this model does not contain a real emergency;
it is only an alarm bell which sounds. In reality, the dynamics of an evacuation are different when different
emergencies happen. Evacuees may react differently to, for instance, a shooter compared to a fire (Arteaga
and Park, 2020; Kuligowski, 2013).
For the face validation, this model was presented to a number of experts in the field of evacuation studies. To
be continued

4.3.2. BEHAVIOUR TESTS
Extreme behaviour test for the extreme behaviour test, two parameters were altered: Crowd size and reaction
time. figure 4.10 and 4.14 show the results of this test. As can be seen, the model does not show peculiar results
and holds under extreme conditions.
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(a) Number of people left in the model against time with initially 0 people (b) Number of people left in the model against time with initially 5000 people

Figure 4.10: Extreme conditions test: Crowd size

Visual observation

Figure 4.11 shows a blank map where groups walk from one side to the other. As can be seen when walking
across a field, groups stay together, walk more or less abreast, but do not overtake one another.

Figure 4.11: Groups walking across a field as a visual observation

In the corridor experiment (figure 4.12), it can be seen that both conditions are met. The group stay splits up
and reunites after the obstacle.

(a) Picture 1: before the obstacle (b) Midway the obstacle (c) After the obstacle

Figure 4.12: Group moving past an obstacle
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Replicability test
For the replicability test, One studies was chosen as a benchmark. The first case study that will be used as
part of the validation and calibration of the model is the research performed by Cuesta, Abreu, Balboa, et
al. (2021). In this study they set up an experiment where they compared the evacuation decision-making
between individuals and groups of varying size. The participants were placed in a room of 8.2 x 8.86 m (see
figure 4.13) and had to evacuate when an alarm rang. They performed this experiment in three blocks: a
block where each individual person was tested alone, one block in groups of 5, and one in groups of 12. After
the experiment was done, they were asked to fill in a short questionnaire about the experiment. They found
that larger groups are more efficient at evacuating than both individuals and smaller groups, groups had no
preference with regard to exit choice, and that people who were trained tended to rise up and take up the role
as a leader.

(a) Netlogo representation of the room (b) Drawing of the room taken from Cuesta, Abreu, Balboa, et al. (2021)

Figure 4.13: Drawings of the experimental setup

Table 4.3 shows the evacuation time of both the experiment of the case and the model. In the columns, you
see the evacuation times of 24 experiments. Each number in the columns indicates the number of people
in the room. The columns with ’model’ in the header are the results of the same experiment, but then run
through the model.

Table 4.3: Evacuation times in seconds of Cuesta’s experiment versus evacuation times in ticks in the same setting, but then using the
model

Cuesta individual Cuesta group of 5 Cuesta group of 12 Model individual Model group of 5 Cuesta Group of 12

Run 0 17,02 (s) 20,72 (s) 18,78 (tick) 23 (tick) 43 (tick) 39 (tick)

Run 1 254,31 (s) 21,79 (s) 19,59 (s) 22 (tick) 34 (tick) 43 (tick)

Run 2 14,35 (s) 22,39 (s) 20,89 (s) 21 (tick) 33 (tick) 44 (tick)

Run 3 17,78 (s) 23,29 (s) 21,72 (s) 22 (tick) 36 (tick) 41 (tick)

Run 4 22,15 (s) 23,52 (s) 22,35 (s) 26 (tick) 31 (tick) 41 (tick)

Run 5 125,25 (s) 39,07 (s) 23,19 (s) 22 (tick) 30 (tick) 40 (tick)

Run 6 15,98 (s) 40,31 (s) 24,22 (s) 21 (tick) 34 (tick) 43 (tick)

Run 7 16,25 (s) 41,01 (s) 24,92 (s) 22 (tick) 32 (tick) 41 (tick)

Run 8 14,08 (s) 42,24 (s) 25,52 (s) 23 (tick) 30 (tick) 43 (tick)

Run 9 13,61 (s) 43,81 (s) 26,46 (s) 22 (tick) 33 (tick) 41 (tick)

Run 10 14,88 (s) 14,41 (s) 27,43 (s) 25 (tick) 34 (tick) 39 (tick)

Run 11 14,65 (s) 15,21 (s) 28,73 (s) 36 (tick) 36 (tick) 43 (tick)

Run 12 16,22 (s) 15,85 (s) 30 (s) 21 (tick) 37 (tick) 40 (tick)

Run 13 25,99 (s) 15,98 (s) 31,6 (s) 22 (tick) 36 (tick) 39 (tick)

Run 14 17,45 (s) 16,45 (s) 32,53 (s) 21 (tick) 36 (tick) 41 (tick)

Run 15 12,31 (s) 34,43 (s) 34,27 (s) 21 (tick) 31 (tick) 42 (tick)

Run 16 222,25 (s) 35,17 (s) 35,3 (s) 26 (tick) 36 (tick) 44 (tick)

Run 17 23,39 (s) 36 (s) 36,74 (s) 21 (tick) 39 (tick) 43 (tick)

Run 18 170,77 (s) 36,87 (s) 37,47 (s) 37 (tick) 34 (tick) 41 (tick)

Run 19 210,37 (s) 37,87 (s) 38,37 (s) 25 (tick) 32 (tick) 42 (tick)

Run 20 14,11 (s) 16,65 (s) 39 (s) 21 (tick) 35 (tick) 44 (tick)

Run 21 139,57 (s) 17,88 (s) 40,11 (s) 22 (tick) 32 (tick) 39 (tick)

Run 22 21,25 (s) 19,49 (s) 42,47 (s) 21 (tick) 34 (tick) 44 (tick)

Run 23 20,79 (s) 43,48 (s) 21 (tick) 38 (tick) 40 (tick)

Run 24 22,19 (s) 44,41 (s) 33 (tick) 33 (tick) 43 (tick)
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The main difference between the results is that in the case study, a group of 12 is slower than a group of 5,
while in the model, groups of 5 and 12 are about equally fast. Furthermore, through visual observation, it was
observed that just like the case study, the evacuees did not show any preferences with respect to exit choice.

(a) Number of people left in the model against time with 0 reaction time (b) Number of people left in the model against time with 6000 secs of reaction
time

Figure 4.14: Extreme conditions test: reaction time
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RESULTS

In this chapter, I will first discuss the experimental setup used for this research (section 5.1), after which I will
show the results of the simulations (sections 5.2.1, 5.2.2, and 5.2.3).

5.1. EXPERIMENTAL SETUP
In this research, three sets of experiments were run to give an answer to the question of what the effect is
of different group decision-making schemes on the evacuation time. Each experiment is run for a different
purpose. The first experiment is meant to serve as an exploratory- and directed search experiment. This
means that, a bigger sweep of parameters related to group characteristics will be done, but the size of the
groups stays fixed. This experiment will be performed using the EMA Workbench (Kwakkel, 2017). With
respect to the open exploration, 700 runs will be done, all of which will use Latin hypercube sampling to
draw its values. Latin hypercube sampling is used because, compared to other sampling techniques, Latin
hyper cube aims to distribute the sample points evenly across the given ranges. This even spread allows for a
better overview of the potential behaviour of the model. Once the values are drawn, each run will be repeated
of 150 times to cancel out randomness (see section 5.1.1). This means that 700 x 150 = 105000 runs will be
performed in total. The length of each run is set to 800 ticks, since the workbench does not automatically go
to the next run if there are no agents left in the model. This 800 tick limit does not influence the model and
is only set for the purpose of the model moving on to the next run. With respect to directed search, this will
be done based on a hypothetical scenario where it is considered unfeasible if there are still evacuees in the
building after 8 minutes (approximately 500 seconds). The end result of this directed search is an overview of
the parameter ranges, their precision, and their coverage. The algorithm used in this part of the experiment
is the Patient Rule Induction Algorithm (PRIM). This algorithm was first introduced by Friedman and Fisher
(1999), and uses subspace partitioning on the uncertainty space to find boxes which have the best trade-off
between coverage (the fraction of the all outcomes which lay in the box) and density (fraction of outcomes
which are of interest).

The second and third experiment were designed to give insight into the effect of different schemes on
the evacuation time. This experiment was run using the behaviourspace tool supplied in Netlogo. Both of
these experiments made use of a partial-factorial experiment and were also repeated 150 times (see section
5.1.1). A partial factorial was used, since a full factorial would require too much time given the timespan of
this research. The difference between these two experiments is that in the second experiment, groups are set
fixed to "Mix" while in the third experiment group sizes were altered (2,3,5). The respective runs are 5 x 5 x 5
x 11 x 150 = 206250 and 3 x 3 x 3 x 3 x 6 x 150 = 72900 runs.

25
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Table 5.1: Overview of the experiments, their variables, and their respective values

Experiment Variable Value Type of experiment Tool used

Model exploration and directed search (105000 runs)

Percentage-familiar (0,1)

Latin hypercube sampling EMA Workbench
Percentage-leader-follower (0, 1)

Percentage-consensus (0, 1)
Group-size "Mix"

Nr-of-people (0, 500)

Effect of different group types on evacuation time (206250 runs)

Percentage-familiar [0 0.25 1]

fractional factorial design Behavior space
Percentage-leader-follower [0 0.25 1]

Percentage-consensus [0 0.25 1]
Group-size "Mix"

Nr-of-people [100 50 500], (1000, 1500)

Effect of different group sizes on evacuation time (72900)

Percentage-familiar (0.33, 0.5, 0.66)

fractional factorial design Behavior space
Percentage-leader-follower (0.25, 0.5, 0.75)

Percentage-consensus (0.25, 0.5, 0.75)
Group-size (2, 3, 5)

Nr-of-people (150, 300, 450, 500, 1000, 1500)

Table 5.1 provides an overview of the experiments, their respective parameter values, their type, and the
tool used to run the experiment. In the value column, two different type of brackets are used. In the first
experiment, the parentheses mean the ranges of the values of which will be sampled. In the second and
third experiment, parentheses mean exact values used and brackets indicate begin value, increment, and
end-value.

5.1.1. NUMBER OF REPETITIONS
When exploring models, one must run the model more than one time. One must run a model multiple times
as one must be sure that the results are a pattern, and not a one-time occurrence (Wilensky and Rand, 2015).
Furthermore, when running agent-based models, one must be sure that a sufficient number of runs has been
chosen. As can be seen in figure 5.1, after 150 repetitions, the average evacuation time stabilizes. Therefore,
150 repetitions was chosen as the threshold to run the experiments.

(a) Plot of a run with 300 repetitions and high
density

(b) Plot of a run with 350 repetitions and high
density

(c) Plot of a run with 200 repetitions and high
density

Figure 5.1: Average evacuation time versus number of repetitions

5.2. RESULTS

5.2.1. SIMULATION RESULTS EXPERIMENT 1: OPEN EXPLORATION OF THE MODEL
The first experiment was performed to get a feeling of what potential behaviour the model can show and to
illustrate the use of the EMA Workbench. Figure 5.2 shows a plot of the number of people left in the model
plotted against the time in the model of all runs; each line represents a run. It can be deduced from this
figure that this model shows both behavioural sensitivity and numerical sensitivity. The general trend is that
the number of people in the model stays the same until about 40 ticks, after which in all runs the number of
agents in the model starts decreasing. The decline in number of people left in the model differs. Some runs
show a linear decrease, others show a step-wise decrease or a decrease in the efficiency of the evacuation. In
general, the number of crowd size starts decreasing and at 800 ticks almost everyone has evacuated.
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Figure 5.2: Number of people left in the model plotted against time under varying parameter settings using Latin hypercube sampling

Next to an open exploration, a directed search was performed as well to find the scenarios in which after
about 8 minutes people were still left in the building. Figure 5.3 shows a summary of the results of the directed
search using the PRIM algorithm. This figure has different pieces of information. On the left-hand side, the
parameters, their p-values, and their respective value ranges are indicated. As regards p-values, these are
respectively 0.13, 1.1e-79 and 0.12. With respect to the ranges, from this image, it can be deduced that the
parameter ranges are respectively 0.1 to 1, 1.1e+03 to 1.5e+03, and 0 to 0.93. On the right-hand side, the
density and coverage are shown. These two values indicate that with 67% of the experiments of interest can
be described with 92% accuracy. In short, this image indicates that 67% of the experiments of interests can
be described with 92% accuracy by imposing restrictions on 3 dimensions; having percentage of consensus
groups between 10- and 100%, having the percentage of people who are familiar between 0- and 93%, and
having the crowd size between 1100 and 1500. Furthermore, the range of crowd size is statistically significant
as its p value is below 0.05.

Figure 5.3: Overview of the respective parameters, values, and statistical significance of the parameters for the desired scenarios

Figure 5.4 shows the same result of the scenario discovery, but now in pair plots. In this plot, the orange
dots indicate experiments which still have evacuees left in the model after 500 ticks and blue indicate experi-
ments which have no evacuees left in the model after 500 ticks. From the two pair plots in the top right corner,
it becomes clear that population does play a significant role in the evacuation times.
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Figure 5.4: Pair plots of the result of directed search

5.2.2. SIMULATION RESULTS EXPERIMENT 2: THE EFFECT OF MIXED SCHEMES IN DIFFERENT

CROWD DENSITIES
Figure 5.5 shows the result of the first experiment. As mentioned before, this experiment aims to give in-
sight into the effect of different decision-making schemes on the evacuation time. In this figure, the mean
evacuation time of different fractions of group decision-making schemes is plotted against crowd densities.
This figure indicates that when groups are present in a building, the evacuation time becomes higher. That
is to say, when a group is characterized by either leader-follower or consensus decision-making, they will
take longer to evacuate than when they evacuate individually. This can be seen by looking at the third graph;
when 100% of the crowd is evacuating individually (representing the scenario where there are no groups),
the evacuation time is the lowest, no matter the density of the crowd. Another interesting observation in this
case is that leader-follower and consensus decision-making show similar patterns and hardly differ from one
another.

Figure 5.5: Plots of evacuation time under different percentages of groups under varying crowd sizes

Figure 5.6 shows the result of running different percentages of familiarity against different fractions of group
decision-making schemes. These plots also show the average evacuation time of different percentages of
group forms, but now using familiarity. In this case, the results show that when people evacuating together or
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individually, higher familiarity leads to lower evacuation times. At every crowd density used, 100% familiarity
always leads to the lowest evacuation time, and 0% leads to the highest. Furthermore, when the fraction
of the crowd which uses a certain decision-scheme exceeds 75%, and no one is familiar (0% familiarity),
leader-follower is more efficient than consensus. Moreover, in case of people evacuating individually, 100%
familiarity leads to the lowest evacuation time. Similarly, the higher the number of people who evacuate
individually, the more significant the impact of 100% familiarity becomes. That is to say, at 25% of the crowd
evacuating individually, the gap between 75% and 100% familiarity is smaller than the gap at 100% of the
people evacuating individually.

Figure 5.6: Plots of evacuation time under different fractions of group decision-schemes and different percentages of familiarity amongst
the crowd

Interestingly, when having a closer look at lower densities (0.07 to 0.36), it actually can actually be ob-
served that higher familiarity leads to higher evacuation times in case of a fraction number of groups (see
figure 5.7). As the percentage of groups increases at lower densities, a higher familiarity will lead to a higher
evacuation time. Another interesting observation is that when all the people are familiar with the building,
different compositions of the crowd have different effects in lower densities. For instance, when 75% of the
crowd is made up of people who evacuate individually, 100% familiarity leads to the lowest evacuation times.
But, when 100% of the crowd is familiar and everybody evacuates alone (100% of the crowd evacuates indi-
vidually), it will lead to the third-lowest average evacuation time.
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Figure 5.7: Plots of evacuation time under different fractions of group decision-schemes and different percentages of familiarity amongst
lower crowd densities

5.2.3. SIMULATION RESULTS EXPERIMENT 3: THE EFFECT OF DIFFERENT GROUP SIZES AND

CROWD COMPOSITIONS
In the third experiment, group sizes were altered to determine the effect of different group sizes in combina-
tion with different crowd compositions on the evacuation time. Figure 5.8 shows the effect of different group
sizes in varying crowd densities. First, it can be observed that in all the crowd densities, bigger group sizes
lead to higher evacuation times. Secondly, from this figure, it can be observed that as the crowd density in-
creases, the gap between the smaller groups and bigger groups becomes more significant. For instance, in
case of a crowd density of 0.36, the difference in average evacuation time is about 20 between group size 5
and 3, while in case of a crowd density of 0.71, this has increased to 50.

Figure 5.8: Plots of the effect of varying group sizes and crowd densities on the evacuation time

In figure 5.9, fractions of different groups is plotted against different group sizes. The small stripes above
and below the dots are the 95% confidence intervals. From this figure, it can be deduced that as the group
sizes increase, the evacuation time increases. Furthermore, when looking at the differences between consen-
sus groups and leader-follower groups, it can be observed that they have similar evacuation times except for
when the fraction of groups reaches 75%. If you compare the 0.75 percentage data, it shows that consensus
groups are on average around 10 seconds faster.
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Figure 5.9: Plots of the effect of different compositions of groups on evacuation time





6
CONCLUSION AND DISCUSSION

Studying the effect of groups is critical for preventing casualties during evacuations. Studying the effects of
groups can be done by modelling. However, there are hardly any models present which include the notion of
groups. This study aims to address this need by answering the following question: "What is the effect of two
different group decision-making schemes (consensus and leader-follower) on the evacuation time, compared
to individual decision-making?". In order to give an answer to this question, this study used an exploratory
agent-based model built in Netlogo, and the EMA Workbench to explore the model. In the next section, The
results of this research will be discussed. After having discussed the results, an elaboration will be given on
the strengths, weaknesses, and implications of this research. Finally, conclusions will be drawn.

6.1. DISCUSSION
First of all, it was found that the presence of groups significantly influences the evacuation time. Results sug-
gest that the presence of groups increases the evacuation time significantly. This finding supports (Haghani,
Sarvi, et al., 2019; Bode et al., 2015; Lu et al., 2017), but also contradicts, previous findings(Van der Wal et al.,
2017; Cuesta, Abreu, Balboa, et al., 2021). With respect to supporting previous findings, Bode et al. (2015)
found that groups increase the total evacuation time because they take longer to initiate movement and take
longer to move into the vicinity of the exits. As regards contradicting, other studies have concluded that
groups are more efficient at evacuating (Van der Wal et al., 2017; Cuesta, Abreu, Balboa, et al., 2021). Cuesta,
Abreu, Balboa, et al. (2021) suggest that bigger groups are more efficient at evacuating because of social struc-
tures and individuals of a group being less subjected to stress. Similarly, Van der Wal et al. (2017) argue that
groups were more efficient at evacuating than individuals because of social contagion.

Secondly, digging one step deeper into the effect of groups, the size of the group has shown to be one of
the biggest influences of groups on evacuation time. It was observed that the bigger the groups, the longer it
will take to evacuate the whole building. This is in contradiction with previous findings (Bode et al., 2015; Von
Krüchten and Schadschneider, 2017; Haghani, Sarvi, et al., 2019). They all argue that bigger groups are more
efficient at evacuating. To the best of my knowledge, there are two possible explanations. First, a possible
explanation for this result is that in this research, evacuees were modelled in such a way that they were not
able to change their exit choice during the run. If an exit is chosen, they go to that exit, even if it is packed at
that exit. In reality, if it is a very busy at a certain exit and evacuees are under stress, some groups may decide
to change their exit decision and leave the building through at different exit (Sime, 1985). Especially if you
combine that with the finding that under stressful conditions, groups are likely to switch their exit choice due
to social influence (Haghani, Sarvi, et al., 2019). That is to say, if a group decides to switch their exit choice,
nearby groups may follow. Secondly, a possible explanation may be the fact that the exit dynamics may have
not been modelled extensively enough. Empirical research has shown that at exits, groups focus on their own
group and not on others (Von Krüchten and Schadschneider, 2017; Bode et al., 2015). That is to say, when
people are evacuating by themselves, they care about nothing else but themselves, which leads to potential
conflicts in the queue. When groups are present, more order arises when queueing for an exit, decreasing the
number of potential conflicts and speeding up the evacuation process. An interesting point to notice is that,
contrary to empirical studies, some simulations models do show that the bigger the group-size, the higher the
evacuation time (Lu et al., 2017; You et al., 2016). However, to my knowledge, these studies did not include an
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extensive queue process or social influence.
Thirdly, results show there is hardly any difference in average evacuation time between leader-follower

and consensus given a mixture of familiarities. Thus far, there is no study present which has looked into mod-
elling consensus decision-making, or the differences between consensus groups and leader-follower groups
in case of evacuations. However, in this model, the process of a consensus group evacuating is in some way
similar to that of a leader follower group; the groups first gather, and then evacuate together. The main dif-
ference between these two types of groups is that consensus groups first all have to agree before evacuating,
while this is not the case with leader-follower groups. Furthermore, in case of consensus groups in this model,
people who are familiar with the building are able to convince the others that they are right and know the clos-
est exit. That is to say, in case someone in the group is familiar with the building, the group will always go to
the closest exit. Similarly, the speed at which a group member agrees with the rest of the group is positively
related to the number of people present who are familiar with the building. With this in mind, it may be that
since consensus groups take longer to initiate movement towards an exit, but do go to the nearest exit more
often, they may act like groups characterized by leader-follower where people who are familiar with the build-
ing act as leaders. In general, this may be a valid way to model consensus decision-making. Haghani, Sarvi,
et al. (2019) have, for instance, concluded that in 50% of the cases in their experiment, people took the lead
and claimed knowing the way. Similarly, Cuesta, Abreu, Balboa, et al. (2021) observed that within groups that
used consensus with respect to evacuating, people often took the role of leader and initiated the evacuation
process. Therefore, modelling a group with consensus decision-making as a leader-follower group with an
additional information distribution process may well be a valid way.

Fourthly, three different findings were found with respect to familiarity, groups, and evacuation time.
First, in higher crowd densities, higher familiarity leads to lower evacuation times in case of both groups and
people who evacuate individually. This finding is supported by previous studies Horiuchi et al. (1986) and
Richardson et al. (2019). Richardson et al. (2019) performed a study where they used an agent-based model
to analyse the effect of familiarity amongst a crowd on the evacuation time. They found that the more people
are familiar with the building, the lower the evacuation time will be. Secondly, In smaller crowd densities,
it may have an adverse effect on the evacuation time. It was found that if a high percentage of the crowd is
groups (75% or more), higher familiarity leads to higher evacuation times. A special case, however, is 100%
familiarity. 100% familiarity gives different, and sometimes surprising, results under varying crowd com-
positions. For instance, if everyone is evacuating by themselves and 100% of the crowd is familiar with the
building, evacuation times will not the lowest. However, if 25% of the crowd is now evacuating as a group,
100% familiarity does lead to the lowest evacuating times. Interestingly, 100% familiarity almost never leads
to the quickest evacuation. Only in case of 75% of the people evacuating alone, is it the most beneficial. A
possible explanation for this emergent behaviour could be that in this model, the capacity at exits was too
little and agents do not change their decisions with respect to exit throughout the simulation. In other words,
if everybody is familiar, they will all walk towards the same exit. If then the capacity of the exit is not great
enough, a lot of congestion will emerge. If only half of the people were to be familiar with the building, people
would spread more evenly. Similarly, not being able to switch decisions on exit choice may reinforce conges-
tion at an exit. With regard to literature on capacity at exits, this is still understudied and may be based on
assumptions which are not valid. Studies which look at exit capacity often assume that people have complete
knowledge and know which exit is the least busy (e.g. Desmet and Gelenbe (2014), and Chen et al. (2015).
This is not valid, as people may only know which exit is the least occupied through, for instance, smart sys-
tems (Nguyen et al., 2019; Santana et al., 2020). Thirdly, at 0% familiarity, and a high (over 75%) fraction of
the crowd which uses a certain decision-making scheme, leader-follower is more efficient. This is plausible
behaviour, since consensus decision-making has an additional distribution of information factor. Groups
which use leader-follower evacuate immediately when the group has gathered, groups which use consensus
first have to exchange information. At 0% familiarity, everyone in the building goes to the same exit. Extra
time spending on discussing means longer evacuation times.

6.2. STRENGTHS, LIMITATIONS, AND FUTURE RESEARCH
To my knowledge, this study is one of the first to develop a model which includes the notion of group decision
schemes during evacuations. Hardly any models, and in particular agent-based models, are made which fo-
cus on the notion of groups influencing evacuation behaviour. Similarly, this is one of the studies which uses
an exploratory modelling approach to deal with uncertainty systematically. Modellers come across uncer-
tainty throughout the whole process of developing a model (section 3.1), but modellers rarely deal with this
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systematically. Furthermore, the development of the model was based on insights gained from scientific lit-
erature and findings, and was validated extensively. The model was validated using multiple validation tests
and by comparing the simulated data to that of an experiment (Cuesta, Abreu, Balboa, et al., 2021; Forrester
and Senge, 1980; Nikolic et al., 2019). The model showed to be fit for the purpose of being a stepping stone
towards modelling social groups in evacuations. However, this model does have its limitations.

One of the first limitations of this model is that there are different ways to model pedestrian movement.
This model uses the social force model as its locomotion model, but different locomotion models, such as op-
timal steps (Sivers, Templeton, Künzner, et al., 2016), should be used as well since different locomotion mod-
els could potentially lead to different results. Another limitation is that this study modelled leader-follower in
a basic manner. In this model, when an emergency happens; all members gather, the one assigned as leader
determines where the group goes, and the group just blindly follows the leader towards that exit without their
decision-making being able to be influenced. However, research has shown that windows of opportunities do
arise where evacuees can change their initial decisions during evacuations, and that implementing the pos-
sibility to change these decisions increases the accuracy of models (Haghani and Sarvi, 2019b). Furthermore,
research has shown that groups can become part of bigger groups and individuals can become part of multi-
ple groups or switch groups (Quarantelli, 1995). Similarly, leaders of a group may suddenly not be leaders any
more (Mao, Fan, et al., 2019), and non-group members may influence the group (Mao, S. Yang, et al., 2020).
As regards determining the leader, this model assigns the role of leader to the group member with the lowest
"ID". This is one of the ways which is used to model the assignment of leaders. However, in practice there
are other ways as well (e.g. the one closest to the exit (Qin et al., 2018), or the one in the center (Zhang et al.,
2018)). One last important limitation is that modelling consensus decision-making is understudied. Since
there is hardly any to no literature available on modelling consensus decision-making. This may have been
done either too simplistically. Therefore, more research on consensus decision-making has to be done. One
last limitation of the model is that it did not include social behaviour. As mentioned in the discussion sec-
tion, social influence plays, amongst others, a role in exit choice. Therefore, implementing social influence
is important. Considering the above-mentioned limitations, I will elaborate on several recommendations for
future research in the next few paragraphs.

The first recommendation for future research is to expand the model by adding the following; the different
ways in which leader-follower can be modelled, and factors which influence evacuations. With respect to the
former, This model only included the basics of leader-follower behaviour, but the literature study has shown
that there are different nuances to modelling leader-follower behaviour. For instance, some models included
backtracking of the leader, while others allowed members to switch groups based on certain circumstances.
These variations of modelling leader-follower behaviour could potentially have different effects on the evac-
uation time. Therefore, the different ways of modelling leader-follower behaviour should be added to this
model. With respect to the latter, this study shows that groups have a significant impact on evacuation time.
However, there are other factors which influence the dynamics of evacuations; factors such as social influ-
ence or emergent norms (see Aguirre, Wenger, et al. (1998)) are known to influence evacuation behaviour.
Hence, models should be created where different factors are combined with social groups and are evaluated
using exploratory modelling.

The second recommendation is that more research has to be done on consensus decision-making during
evacuations, and more specifically modelling consensus decision-making. Literature has shown that con-
sensus decision-making does occur, but there are hardly studies out there which discuss consensus decision-
making during evacuations, let alone model consensus decision-making.

The last recommendation is that future research should also focus on the different phases of evacuation
time. In this model, evacuation time is the time between the alarm going off and the person or group leaving
the building. However, in this evacuation time different phases are identified. Proulx (2002) observed that
the evacuation time is made up of; the reaction time, the decision time, and the actual period of moving.
Analysing the effect of groups on different segments of the evacuation time could be beneficial for under-
standing the effect of groups on evacuations.

6.3. IMPLICATIONS
This research has both theoretical and practical implications. As regards theoretical implications, there are
three implications. First of all, this research has shown that agent-based modelling is a suitable method
for modelling group characteristics. In this research, the focal point was decision-making schemes. How-
ever, due to the diverse nature of agent-based modelling, other important factors, such as culture (Almejmaj
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and Meacham, 2014), may easily be modelled as well using agent-based modelling. Secondly, exit capac-
ity should be taken into account when assessing evacuations. As familiarity increases, more people, and
therefore groups, take the closest exit. If the capacity at that exit is too low, congestion will occur, eventually
limiting the outflow. Similarly, studies which look at the capacity of exits assume evacuees know which exit
is the least crowded; this is often not the case. Therefore, evaluating exit capacity, while keeping in mind that
evacuees most of the time do not know the least crowded exit, could provide new insights into evacuation
behaviour.

As regards practical implications, there are important implications for policymakers, but also emergency
response officers. According to this study, groups increase the evacuation time, and different compositions
of groups have different effects under different familiarities. This implies that when it comes to designing
policies, policymakers have to take into account the context. For instance, at subway stations in a very busy
city, different measures have to be taken compared to a really quiet station in the outskirts. In crowded dense
cities, being familiar with a building always leads to lower evacuations times, while in places with lower crowd
densities, familiarity may have an adverse effect. However, in general, all policies should take into account
that evacuating individually is quicker than evacuating as a group. In case of evacuations, emergency re-
sponse officers should tell all the evacuees to just leave the building and that they will warn their fellow group
members (if they are present).

6.4. CONCLUSION
In sum, models on evacuations often lack the inclusion of psychological factors. One of these psycholog-
ical factors which is known to influence evacuations is the presence of groups. However, the presence of
group has yet to be modelled extensively, is the effect of groups. Therefore, this study aims to develop and
validate an exploratory agent-based model on the effect of group decision-making schemes on the evacua-
tion. To do so, this study tries to answer the following research question: "What is the effect of two different
group decision-making schemes (consensus and leader-follower) compared to individual decision-making on
the evacuation time inside buildings?". Results suggest that evacuating in groups is slower than evacuating
individually, bigger groups lead to higher evacuation times, and that familiarity has different effects in low
and high crowd densities. An important new finding in this research is that when groups are present in low
crowd densities, lower familiarity may actually lead to lower evacuation times. Similarly, leader-follower and
consensus have the same effect on the evacuation time, except for when no one is familiar. In case of 0%
familiarity, leader-follower leads to lower evacuation times. However, this study also has its limitations. For
instance, one of the limitations of this study is that the two decision schemes may have not been modelled
too extensively enough, that it made use of one locomotion model when there are multiple options available,
or that it did not include social factors. In order to deal with these limitations, future research should focus on
modelling different ways of modelling groups, on adding social factors, and on analysing the effect of groups
on different segments of the evacuation time. Overall, this research provides a good stepping stone towards
modelling groups using an exploratory agent-based modelling approach, and has important implications.
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