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& Abstract

The use of computer simulations in crowd research is a powerful tool to describe and analyse complex social systems. This paper presents
CROSS, a generic framework to model crowd simulations as a social scientific tool for understanding crowd behaviour. In CROSS, individuals are
represented by social-cognitive agents that are affected by their social and physical surroundings and produce cognition-based behaviour and
behaviour patterns. Understanding is sought by relating intra- and inter-individual levels of behaviour generation with behaviour pattern emergence
at group level. By specifying the CROSS framework for a festival context we demonstrate how CROSS meets the need for a theory that reflects the
dynamic interplay between individuals and their environment as well as the need for a method that allows for testing.
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& Introduction

1.1 From the movement of pilgrims in Mecca to the violence and looting of rioters in the streets of London, crowds display fascinating patterns. Whenever
crowds are a topic of conversation or study, usually the attention goes out to the rare instances of undesired behaviour, danger and violence, like
emergencies and riots. Empirical crowd research delivers an empirically based description of crowd behaviour and provides socio-psychological
explanations for disorder. However, most of the components of these models are not directly testable. Simulation provides a mean to test theory and
analyse complex social systems. At the same time, existing crowd simulations rarely focus on understanding what causes the patterns under study. If
they do, they tend to have a narrow focus on emergency situations and pedestrian movement, but most importantly, they are often not sufficiently
based on theory and do not include the underlying decision making processes, i.e. the cognitive level (Challenger 2009; Wijermans 2011). In this
paper we describe CROSS, a framework to model crowds designed to combine the best of two worlds (empirical crowd research and crowd
simulation) to take a step closer in understanding crowd behaviour.

1.2 The following section describes the background of crowd research and simulation indicating the needs of these two fields. The CROSS framework,
that is described next, aims at meeting the crowd research needs. It describes the general structure of a model of crowd behaviour that supports
modelling crowds for a specific context (a CROSS model). To demonstrate this modelling step, crowd behaviour at a festival is modelled with use of
the CROSS framework. To illustrate the way understanding is gained, the details of a CROSS model are elaborated on, based on a multi-level
analysis and description of crowd behaviour. The paper concludes by reflecting on CROSS and on what the next steps should and could be.

&' Crowd research and simulation

2.1 Crowd research is the field studying and understanding crowd phenomena, performed by social scientists. Since the 19th century scientists try to
explain crowd behaviour, especially riots. Crowd research has gone through some extensive changes, from theoretical explanations of crowd
behaviour separate from context, to contextualized descriptions with an empirical base (Adang 1998; McPhail 1991; Reicher 2001; Schweingruber &
Wohlstein 2005). For a long time crowds and behaviour displayed in crowds were regarded as extraordinary, requiring special explanations (Allport
1924; Le Bon 1895). Current crowd research has done away with many myths and unfounded speculations and brought crowd research back into the
realm of the ordinary. The last two decades empirical observational studies show that behaviour in crowds is neither irrational, emotional,
suggestible, destructive, spontaneous, anonymous nor uniform. The same types of rules apply within crowds that govern behaviour outside crowd
situations (Adang 1998; Berk 1972; Berk 1974; Couch 1968; McPhail 1991). Several insights are especially crucial for understanding crowd
behaviour. First, when a crowd gathers at a physical location, whatever happens and whatever patterns become visible, is generated by the
individuals present. Second, behaviour is situation dependent, meaning that behaviour displayed at any point in time is dependent on the current
context and internal state of the individuals concerned. Context includes the social context, which is regarded as an important source of influence in
crowds. Third, crowd behaviour is a dynamic phenomenon, and this dynamic aspect cannot be overlooked when trying to understand behaviour at a
certain point in time.

2.2 Although current theoretical models in crowd research, based on these insights (e.g.,Adang 2010; Drury & Reicher 2000; Reicher, Spears, &
Postmes 1995; Stott & Reicher 1998; Waddington, Jones, & Critcher 1989), have made great contributions to improve crowd management, they have
their limitations. They focus on explaining disorder, usually restrict themselves to a socio-psychological perspective and, most importantly, they are
limited in their ability to test their theories. The specific focus of the theories does not support a more general understanding of how crowd behaviour
patterns form and change. Furthermore, their focus just covers a small part of the whole spectrum of crowd behaviour, as most crowds are not
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violent. Even though the role of the social context is shown to be crucial, it is not the only relevant influence factor. The physical context cannot be
neglected. In addition, the role of the internal world of a behaving individual (his/her mental state) plays a crucial role that is not addressed. The way
individuals are affected can differ from one person to the other, but it may also vary from one moment to another. It is the continuous interplay
between external and internal factors that gives rise to behaviour of individuals in a crowd, i.e., situatedness. Although current theories acknowledge
the individual level as the level of behaviour generation, the level of detail in these theories does not describe how and why individual behaviour is
chosen. Regarding individuals as black boxes (Jorna 2000) limits the explanatory power to understand why certain behaviour is chosen at a particular
time and a given internal setting and why or how certain behaviour patterns occur. A second limitation is methodological: the difficulty to move from
description to explanation and to perform experiments with crowds to help develop testable theories. This difficulty is due to the complex nature of
crowd behaviour; the multitude of interconnected factors that can play a role are hard to control for when performing experiments. Let alone the
ethical considerations, real experiments can be dangerous for subjects. Consequently, it is almost impossible to experimentally test theories and thus

to take the necessary steps to understand and explain crowd behaviourl'l.

2.3  Crowd simulation research, on the other hand allows for dealing with the complex nature of crowd behaviour, however, it mostly does not focus on a
general understanding of crowd behaviour. Crowd simulations usually involve movement of pedestrians (Bandini, Rubagotti, Vizzari, & Shimura 2011;
Helbing & Molnar 1995; Helbing, Farkas, & Vicsek 2000; Moussaid, Helbing, & Theraulaz 2011; Still 2000; Therakomen 2001), riots (Epstein 2002;
Feinberg & Johnson 1988; Granovetter 1978; Jager, Popping, & van de Sande, 2001; Patten & Arboleda-Flérez 2004; Schwarz & Mosler 2005) or
specific crowd behaviour patterns (Johnson & Feinberg 1977), conformity (Tarnow 1996) or crowd tipping (Silverman, Johns, Weaver, O'Brien, &
Silverman 2002). The major differences between these models concern the purpose and the use of their simulations. They either aim to display a
methodology or to reproduce a specific type of crowd behaviour and only a small minority aim at gaining a better understanding of crowd behaviour.

24 The models that focus on methodology either demonstrate or show the explanatory power of simulations or explain what level of detail is required to
develop "realistic" simulations, e.g. Granovetter (1978), Epstein (2002) and Silverman (2002). The models that replicate behaviour are capable of
generating realistic and valid movement patterns. The models do not necessarily require a realistic description. Nevertheless, they tend to include
relevant factors based on current knowledge and/or literature on crowd behaviour. Including knowledge can be considered as a way to add realism to
the simulation outcome. For instance, more realism is gained by the inclusion of social context in some models of crowd behaviour (e.g.Helbing,
Buzna, Johansson & Werner 2005; Moussaid, Helbing, & Theraulaz 2011; Musse & Thalmann 2001; Still 2000).

2.5 Models that focus on understanding are the most relevant here (e.gFeinberg & Johnson 1988; Johnson & Feinberg 1977; Tarnow 1996).
Unfortunately, it must be concluded that, from a modern point of view, these models often are not based on the current state of knowledge of crowd
research (Wijermans 2011). However, some more recent models are theoretically and empirically well-grounded. These models typically distinguish
themselves by providing a description of the internal (mental) world of an individual. For instance, Jager et al. (2001) provide a simple description of
clustering and approach-avoidance, yet specifically focus on providing an explanation that involves the interplay between the external and internal
world of an individual. Therakomen (2001) also shows this broadness in integrating elements from both the external and the internal world by focusing
on understanding the role of urban space in crowd movement. Schwarz (2005) describes escalation processes between civilians and the military,
providing a more refined description of internal processes of individuals. However, these models have a too narrow focus on a specific behavioural
outcome to help gain a more general understanding of crowd behaviour.

2.6 Overall, computational crowd models are either too simplistic to represent general crowd behaviour, because they focus too specifically on a certain
type of behaviour, or they do not incorporate the modern foundation of crowd research. We developed the CROSS framework to overcome these
limitations and use simulation as a social scientific tool to help increase understanding of crowd behaviour.

& CROSS

3.1 CROSS represents a framework to model CROwd behaviour in a Simulation with Situated individuals. The CROSS framework represents a generic
structure that can be used to design and explore any model of crowd behaviour. CROSS models on the other hand specify this generic structure for
particular crowd contexts. Models developed with the CROSS framework allow for exploring 'why' and 'how' crowd behaviour patterns emerge by
including a multi-level analysis.

3.2 From the current insights and limitations in crowd research we derived three requirements (R) for crowd modelling:

®  R1. A crowd model should represent the main insights gained by current crowd research: the individual-level of agency, the role of the social
and physical environment or context and the dynamic nature of crowd behaviour.

m R2. A description of behaviour on the cognitive level is needed. To explain (group level) crowd behaviour a description of individual behaviour
in a crowd should involve the internal state and processes of an individual (cognitive level).

m R3. A focus on crowd behaviour in a general sense is needed, rather than an exclusive focus on deviant crowd behaviour, such as riots and
stampedes.

Consequently, CROSS allows for studying crowd behaviour on multiple levels: the group level where behaviour patterns emerge; the individual level
where behaviour is generated and the local influences of the physical and social environment originate from; and the cognitive level where the
individual is affected and behaviour is chosen.

3.3  The following sections will describe the CROSS framework; an application for a festival context[Z], i.e. a CROSS model; and the use of CROSS in
performing a multi-level analysis.

The CROSS framework

3.4 The CROSS framework represents a generic structure for a crowd simulation that supports and guides crowd model development. CROSS embodies
the above state requirements by representing a context dependent, multi-agent framework. More precisely, it represents multiple agents that interact
with their physical and social environment in an agent-based model (R1 & R2). All influences go via the individual, which implies that in describing
group level patterns, explanations should be sought by relating the group level to the individual and cognitive level (R2).

The environment

3.5 The environment in the crowd model represents the world the agents live in, including both the physical and social space. The physical environment
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3.6

3.7

3.8

represents the physical location where the agents are gathered, with all relevant points included (Point of Interest, POI e.g. a specific building), see
figure 1. The agents are situated in the social environment. Here one can define the size of the crowd and other group level characteristics of a
crowd.

Foint OF

';hiﬁ Interast (POI)

Figure 1. The environment of CROSS. Represents the space where agents can be placed as well as where the points of interest (POls)
are.

The agents

Agents in the CROSS framework interact in their environment and produce behaviour as a result of the interplay between their internal and external
world. CROSS agents are considered to be situated (Wilson & Keil 1999), which means that they are both embodied and embedded. Embodiment
refers to the physical, bodily characteristics that influence human information processing. For instance, only what is perceived influences behaviour,
thus something that happens behind a person that he does not perceive will not affect his behaviour. To be embedded relates to performing situation-
dependent behaviour based on current external and internal settings. For example, applauding at the end of a performance requires knowledge of a
norm (i.e., action) coupled to a certain situation.

CROSS agents are described on the cognitive level (R2). That allows for tracing what behaviour is chosen and why, given the internal state of that
agent at any given moment in time. The cognitive level describes the way the agent processes knowledge in order to decide or act on behaviour, an
agent is a cognitive system. A cognitive system defines the structure where relevant bodily elements are incorporated, where knowledge can be
changed and used and processes of perception and behaviour selection allow for the interaction of an agent with its environment via perceiving and
acting. In CROSS, the cognitive level of an agent distinguishes between physiology, memory (knowledge representation) and processes (perception
and behaviour selection), see figure 2.

— )

behaviour
peércaption g
selection

—_— ————— e
—_— —_—
] i
4,
L
4"_*
"-‘l
; #
A, Components | |LB. Processas

Figure 2. The cognitive level of agents in the CROSS framework: components (A) and processes (B). A CROSS agent consists of a physiology
(body) and a memory (knowledge representation) component and two main processes (perception and behaviour selection) to interact with the
world. Note, the dotted arrows form a part of the internal perception (update) processes.

Physiology

Physiology or architecture represents the structure of cognition (Newell 1990). It is where individual knowledge can be found and mental processes
take place. In addition, it also involves the physical properties of the natural system (being embodied, having behavioural and cognitive constraints).
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3.9 For CROSS agents this involves the inclusion of the most essential physiological factors influencing crowd behaviour: arousal and limitations in
perception. Perceptual limitations imply that whatever sensor one chooses to model one needs to specify the perceptual range. This limitation is a
direct consequence of being embodied (Ballard & Sprague 2007). Arousal corresponds to behaviour that is related to short-term survival mechanisms
(e.g., fight/flight, Baron & Richardson 1994). It allows human beings to react to a potentially life-threatening situation. Furthermore, arousal has been
related to types of cognitive processing (e.g., reasoned vs. automated processing, narrowed vs. wide attention focus). People lack among others the
time, information or incentive to employ an optimising strategy (Simon 1976, Schiffrin 1975 in Jager 2000). Both the constraints on perception and
cognitive processing are formalisations of bounded rationality (Simon 1957).

Memory

3.10 Memory represents an individual's knowledge and processes that allow an individual to interact with its environment. In CROSS, the concept of
memory is based on Anderson's theory (Anderson 2007) which lies at the base of the cognitive architecture ACT-R (Anderson & Lebiere 1998). This
theory describes how memory works in functional level terms. The description includes how memory elements become more dominant (i.e., more
highly activated) and change in content (i.e., learning). In addition to this, the memory theory also explains how behaviour is affected, for instance
how typical human errors arise in performing or learning tasks, for instance, in short term memory tests, or in language learning.

3.11  Memory of CROSS agents consists of memory elements. Each element has two important properties: 1) it has content, and 2) it has an activation
level. Content refers to knowledge and how knowledge is used. The activation level reflects how likely it is that this memory element affects
behaviour. Both content and activation of a memory element change over time. A change in content represents learning, forgetting or reorganising. A
change in dominance represents what is influencing behaviour at a given moment in time, i.e., the internal (mental) state. All knowledge, i.e., the
content of an agent's memory elements, is represented either in a goal, a fact or a rule. These types of memory elements imply that knowledge is a

concept that does not only convey factual information, but also incorporates actions. 3]

3.12 So far we adopted the memory structure of Andersons' theory closely, however in specifying each memory type for CROSS agents we will deviate
from Anderson's memory theory. Moving from the cognitive to the social domain causes this deviation. Our focus lies on understanding crowd
behaviour rather than describing and reproducing higher cognition, such as learning and planning tasks.

The memory elements

3.13 A goal represents the state desired by an individual, making a particular behaviour more or less relevant to choosd?! (goal is used in the motivational
sense here as opposed to the intentional use of the concept)!®]. Four goals are considered relevant in a crowd context: subsistence, safety, social and

personal goalsl®l. They represent the desire of an agent to respectively a) preserve energy, b) remain safe, c) belong to a group, and lastly, d) enjoy
the festival individually. The more dominant a goal is, the more probable it is that behaviour is chosen that satisfies that goal. For example, if the
safety goal is most dominant, because the agent is in a very crowded place, then behaviour 'walking away from high density areas' will become more
likely to be chosen. Goal dominance is the result of the preferred level of satisfaction and the actual satisfaction of that goal, see equation 1.

Goal dominance = goal_satisfaction - goal_preference (1)

3.14 Facts, however, represent a piece of factual or declarative knowledgel”l. This kind of knowledge assists an agent in interpreting what it sees.
Furthermore, facts also allow distinguishing between behavioural options, depending on whether these options are preferable or more relevant given
a particular situation. The CROSS agent knows three types of facts: area facts, personal facts, and behaviour facts. All facts allow the agent to
recognise points of interests, other people, or the behaviour that others perform. Behaviour facts serve another purpose, they support in making a
suitable choice in behaviour. Behaviour facts convey expectation values that indicate how satisfying it would be to perform a particular behaviour.

3.15 The activation for this type of knowledge is related to the time it takes to retrieve a fact from memory. Facts with a high activation level are easily
retrievable, but if it takes too much time to retrieve a fact an agent is not able to use it, i.e., forgets it. The activation (A) of a behavoural rule (i) is
represented by equation 2 and 3. These equations represent a neuron activation equation that increases the activation of the memory elements that
are primed and thus becomes more probable or relevant for the agent at that moment (Anderson 2007).

A1:B1+ZWJSJI @)
jeC

k
1 2(n—k
BaIn E + (n ) 3)
i=1 "V Li V Iy + VI

3.16 Rules refer to the internal representation of an action, which is called procedural knowledge. In CROSS, behaviour rules mainly concern motor

action!®l. A behaviour rule allows an agent to exhibit specific behaviour in as far as this behaviour is known. The activation value gives rise to a
(dynamic) hierarchy in behaviour an agent knows. The higher the activation level, the more likely it is that this behaviour will be chosen. The changes
in activation over time result in a dynamic ordering of behaviour. The activation value of a rule is also described in an activation equation (see
equation 2 and 3). However, the way activation is used is different. For a fact, usage concerns the retrieval time, but for a rule, it concerns the order
in which behaviour will be selected before execution.

Processes
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3.17 The dynamic element of the CROSS framework is represented by the continuous interaction of an agent with its environment via two processes:
perception and behaviour selection.

Perception

3.18 Perception!®! describes the changes in the agent's internal state as a result of interacting with the external and its internal world. In the CROSS
framework, the way perception affects the internal state of an agent distinguishes three types of perceptual influences: priming, physiology update
and memory update of cognitive elements.

3.19 Perception starts with retrieving information from the world that is visible to an agent (taking limitations on perception into account). Depending on
what is perceived, the corresponding internal representation is made more active via priming. Those behaviour rules that are perceived in the
environment increase, whereas the activity of non-perceived behaviour rules decrease. After priming, the specific content is updated both
physiologically (physiology update) and within memory (memory update of goals and facts).

3.20 The physiological update represents the changes of levels of the physiological elements due to both external and internal perception. It concerns an
update of arousal and any other included context-depending physiological element. The way the levels are updated depends on the context- or
theory-related choice within a CROSS model, i.e. they are not part of the generic framework.

3.21 The memory update on the other hand represents the change in the content of memory elements due to both external and internal perception. It
concerns an update of the goals, i.e., in terms of the degree of satisfaction, and the behaviour facts, i.e., in terms of the expectations, making a
certain type of behaviour more or less suitable in a particular context. Each goal has its own satisfaction-function that is based on context-related
knowledge and assumptions.

Behaviour selection

3.22 Behaviour selection is the other main process in the CROSS framework. Behaviour selection involves a process of selecting 'suitable' behaviour
within a certain amount of time, visualised in figure 3. Suitable behaviour is behaviour that best satisfies the goal that is most dominant at a particular
moment. In the behaviour selection process, time and comparison are the two main parameters.

3.23 The time an agent has to choose behaviour is implemented as a direct link between the arousal level and the internal time to compare different
outcomes of behaviour with each other and then to make a choice. In line with the amount of time an agent has available, the selection process starts
by retrieving behaviour with the highest activation level. For as long as there is time left, this behaviour is compared to behaviour that is next in line.
The best behaviour option is chosen and used for further comparison. Retrieval of memory elements takes time, which is based on its activation
value. Behaviour with the highest activation levels are not only compared first, they are also retrieved faster.

3.24 The comparison of behaviour occurs in a specific order. The order is based on the activation value of the behaviour rules. Since the activation level is
a consequence of perception, the ordering of behaviour rules is dynamic and situated. The comparison itself is represented in a function that
attributes a utility value (bUtil,) to each behaviour under comparison (see equation 4).

4
bUtil, = Zgoal[)omg - bExpect, 4)
g=1

3.25 The utility value represents the relevance of certain behaviour (b) based on the agent's internal state, i.e., goal dominance (goalDomy), at that
particular time. The comparison function is based on the expectation (bExpecty) of behaviour in combination with goal dominance (goalDomg). The

expectation indicates the expected fulfilment of the corresponding goal (g) when exhibiting certain behaviour. The comparison value incorporates the
contribution of all goals in accordance with their dominance.
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Figure 3. The behaviour selection process of a CROSS agent. An agent chooses the 'suitable’ behaviour based on the expectations an agent has of
a behaviour. The decision process is affected by time and the order of comparison (behaviour options are ordered based on their current activation
level).

Putting it all together

3.26 The general structure for the environment, the agents and the element of time together form the CROSS framework. Figure 4 illustrates a snap-shot
of the interaction between agents and their environment in CROSS. The figure also visualises the multi-level aspect of CROSS. On the macro level
one sees an agent joining another agent and adopting behaviour. On the micro level one is able to follow why each agent is choosing this particular
behaviour. Any chosen behaviour can be related to external and internal settings of that agent.

3.27 Let's zoom in on agent 2. On the cognitive level, its internal state consists of goal dominance in which the identity goal is most dominant, shortly
followed by its social goal. Furthermore, the internal representation of behaviour an agent can show has currently the order of type [2,3,0,1]. On the
individual level one can see agent 2 is executing behaviour type 2 and as a result it moved closer to the group of people in the next time step (t=1).
The behaviour ranking (t=0) already indicated that behaviour type 2 had a higher probability and since it is executed it was apparently also 'suitable'
given the current goal dominance setting. When looking one time step further (t=1) on the cognitive level, we can see that things have changed. Both
the agent's identity and social goals have been satisfied, however now the social goal has become dominant. In addition to the changes in goal
dominance, also the behaviour ranking has changed into [2,0,1,3]. Recall that behaviour ranking is a result of the behaviour that agent 2 perceived
(that affects the activation level of the behaviour representation via priming). Based on the internal state (t=1) the current behaviour of agent 2 has
changed into type 1.
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generic CROSS framework with context-specific relevant factois, theories SOy i uinder investigafiok: This involves specifying both the
physical and social environment and the internal world of the agents. For the|p Ba5k of thi paper, a CROSS model is developed for a crowd in a
festival context.
4.2  We chose to apply the CROSS model to a festival context mainly because th|s allows to stydy crowd beh| viogrzyvith a focus on behaviour patterns in
general (recall requirement R3) within a clearly defined and wel= i ; +i-H,—&—Hp1m—2€0E;'Kemp, Hill, Upton, & Hamilton 2007).
Since the CROSS agents in the model are supposed to act at a festival, the CROSS framework is specified in such a way that the agents are able to
witness musical entertainment in an outdoor setting and are motivated to do so.
4.3  Movie 1 illustrates the CROSS model in a festival context. The CROSS agents' behaviour is based on the influences of their local surroundings and

internal state. Based on their goals and on the dominance of these goals, a CROSS agent chooses to be close to the stage or with friends, to dance,
to go to the toilet or to go to the bar. The colours indicate the agents' dominant goal: yellow: identity (listening to music); pink: social (being close to
others); red: safety (avoid crowded areas); brown: subsistence (urge to visit the toilet or bar). When orange the agent is inhibited to move.
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Movie 1. The CROSS model in a festival context
Below, we will explain how the CROSS framework has been specified to a model of crowd behaviour for both the environment and the agents.
The environment

4.4 Both the physical environment and the social environment are specified for a festival context. The physical environment involves a festival area and
relevant festival objects, such as a bar, toilets, and a stage represented by a grid layer. The physical representations of the environment allow the
agents to distinguish between walkable and non-walkable areas on the festival area as well as identifying specific objects and places that may fulfil
the agents' goals, i.e., points of interests (POls). For example, listening to music near the stage or having a drink at the bar relate physical location to
goal-satisfaction.

4.5 The social environment reflects the social setting, and is a group level representation of a festival crowd. This social structure is formalised in a
network topology. It represents the number of agents, but also social connections (who knows who). Although the actual influence of the social

environment remains an internal activity in each agent('0), the network topology serves initialisation, experimenting and logging purposes.
Relevant physical and social environmental factors

4.6 The selection of environmental factors is based on existing knowledge. In the literature, several physical factors have been linked to crowd behaviour,

some of the most discussed factors involve density (persons/m?), noise, scent and weather conditions (Krahé 2001; van de Sande 2006); (Geen &
O'Neal 1969; Rotten, Barry, Milligan & Fitzpatrick 1979. In the CROSS model, density is included as it has a direct impact on behaviour at the
individual level, especially on freedom of movement and on behaviour patterns. For the other factors, the causal mechanisms are not clear, because
the reported correlations don't describe how behaviour is affected that explains the group level patterns. They are therefore not included.

4.7  Social factors addressed by crowd research indicate that the presence of identifiable groups (Aveni 1977; Kemp , Hill & Upton 2004; Kemp, Hill,
Upton & Hamilton 2007) and social structure (e.g. initiators, leaders, hard-core members, followers and hangers-on (van de Sande 2006) is relevant.
Social structure is described in terms of friendship, in-group/out-group settings and power relationships. For reasons of simplicity only friendship and
leadership as a power-relationship were included.

4.8 Note that the aim of the study was not to build a complete model in the sense that all relevant factors were incorporated, but rather to incorporate the
relevant mechanisms that underlie crowd behaviour patterns.

Agents
4.9 The agent's physiology and memory are specified for a festival context as well.
Physiology

4.10 In addition to the framework-defined physiological elements (limited perception and arousal), the festival agents were further equipped with a bladder
and stomach since people eat, drink and go to the toilet during a festival.

Memory

411 Tofill the CROSS agents 'minds' with relevant knowledge, each type of memory element is specified in relation to crowd behaviour at a festival.

4.12 Goals are a part of the generic structure of the CROSS framework. Context, however, specifies what and in what way goals are being satisfied or not.
Facts, on the other hand are fully context-dependent. Given the festival context with the physical and social environment, facts are needed that allow
the festival agent to recognise points of interests such as the stage, bar and toilet (area facts); and other people as friend or leader (person facts).
Behaviour facts are specified in terms of expectation values for each behaviour: how satisfying would it be to perform a particular behaviour. The
rules for the CROSS festival model concern behaviour an agent knows. For the sake of simplicity of a first implementation, the relevant festival
behaviour has been restricted to walking, running, and dancing.

Processes

4.13 The dynamic element of the CROSS simulation model is the continuous interaction of an agent with its environment via two processes: perception
and behaviour selection.

4.14 Perception that is context-dependent involves both the physiological and the memory update. The physiological update involves an
increase/decrease in arousal, stomach and bladder levels. Arousal is represented by a threshold function that relates heightened density to a
heightened state of alertness (arousal level). This is related to the fact that as soon as density imposes restrictions on the freedom of movement, an
increasing effect on arousal occurs. The bladder and stomach levels represent 'fullness’ following a linear function. The linear functions simply
increase/decrease the fullness of the bladder and stomach over 1000 ticks unless emptied/filled by a toilet/bar visit.

4.15 The memory update involves the update of goal satisfaction. The subsistence goal is directly related to the physiological state, the dominant urge:
either bladder or stomach. The safety goal is related to the subjective, local perception of density. The formalisation of the safety goal represents the

simple assumption of feeling unsafe when standing in crowded areas or areas that are perceived to be crowded!""]. Local density affects an agent
via a sigmoid function (a smooth step-function). The relation between perceived density and satisfaction level is identical for each agent. However,
the way this level is interpreted is heterogeneous (via the preference of an agent) and gives rise to the subjective role that determines the dominance
of a goal. The satisfaction of the social goal is formalised as a threshold function related to the number and kind of agents in the immediate vicinity.
The identity goal is related to the distance to the stage, where being closer to the stage increases satisfaction, which is represented in a threshold
function as well. In addition to the goals, the memory update also involves the update of behaviour facts. When perceiving a leader behave, this
particular behaviour fact is changed by temporary increasing the expectation to satisfying the social goal.
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€ A multi-level analysis using CROSS

5.1  Models developed with the CROSS framework allow for exploring 'why' and 'how' crowd behaviour patterns emerge by performing a multi-level
analysis. The CROSS framework thus also supports theory testing/experimenting.

5.2 Imagine a typical phenomenon of two persons going to the toilet together, see movie 2. CROSS enables you to explain how this pattern arises by
relating this group level pattern to the level on which behavioural decision making is performed (individual, cognitive level). The CROSS structure

forces to make explicit the individual and/or cognitive level variables, apart from the classical experimental design 12l jn finding an explanation for a
certain crowd pattern. The way of influence is traced in providing explanations by relating the group level with the inter- and intra-individual level.

Movie 2. Two agents walking towards the toilets and turning around, driven by different goals (upperleft
corner)

5.3 By tracing the behaviour choices of agents, e.g., figure 5, one can see why agents are engaged in the same or similar behaviour on the individual
level. As the colours in the movie already indicate, a behaviour can be chosen for different reasons since agent 1 was walking because its physiology
drives the agent to empty its bladder, whereas other agent is walking because of social reasons. These reasons can be traced by tracing for instance
the goal dominance and the behaviour utility of an agent, e.g., figure 6 and 7.

5.4 ltis thus part of one's experimental design to define which variables are traced under the hood that are included in data analysis. These variables are
so-called life histories of an agent, i.e., the selection of variables one decides to follow are the dependent variables for explaining a group level
relation given an experiment.

Dance
Run
Behaviour
A
Walk gent 1
Nothing
21 23 25 27 29 31
Ticks
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Figure 5. Behaviour choices of an agent
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Figure 7. The behaviour utility of an agent

& Conclusion

6.1 The CROSS framework is a social scientific tool to gain more understanding of crowd behaviour. Understanding is sought by relating the group level
to the individual level where behaviour arises. The CROSS framework represents a generic structure to design and explore any type of crowd
behaviour. CROSS thereby supports simulation modelling, performing and analysis of simulation experiments. The use of this framework has been
applied by modelling crowd behaviour at a festival where the multi-level analysis was demonstrated.

6.2  The future focus of CROSS will lie in the development of CROSS models for different crowd contexts as well as in the validation of the generic
CROSS framework and specific CROSS models. Validation forms one of the most important future directions in crowd behaviour simulation models
like CROSS. At any stage of modelling (the theoretical, the computational and the experimental stage of modelling Gilbert & Troitzsch 2005),
validation is important (Balci 1998). Both the theoretical and computational model validation should be sought in the social and cognitive plausibility
as well as in empirical validation. For instance, in CROSS, social representations are integrated into a cognitive structure. This forms in a sense a
new 'theory' that needs to be grounded and discussed with peers. Empirical validation concerns closing the scientific empirical cycle to be able to
draw real-world conclusions. This involves gathering and using empirical data as well as defining suitable behaviour measures that allow for
answering research questions as well as comparing real and simulated data.

6.3 CROSS contributes to crowd research by meeting the needs in crowd research in two ways 1) supporting the development of testable theories
(modelling) grounded in current insights of crowd research and 2) providing a methodology that allows for testing (simulation experiments) and
performing multi-level analysis to gain more understanding. The contribution of CROSS to crowd simulation is the focus on crowd models for
understanding. Understanding is embodied by CROSS by incorporating the modern foundation of crowd research, the focus on general crowd
behaviour and the cognitive level of description added.

6.4  Overall, CROSS lays the foundation for a modern generation of crowd models, where the boundaries of modelling are given by the framework, not by
the borders of disciplines. This provides more explanatory power to crowd research and simulation and stimulates opportunities for data gathering,
validation and non-scientific purposes, such as crowd management.

&' In memoriam

A month before this paper appeared, our colleague René Jorna suddenly passed away. We would like to take this opportunity to honour his sharp
mind and remarkable personality. René was uncompromising in his passion for good science and being true with everyone he interacted with. In five
years of intense collaboration with lots of opportunities to agree and disagree, he contributed significantly in integrating cognitive science with social
and computer science. René, your lively and challenging stimuli will be missed.

Nanda Wijermans, Wander Jager, Tony van Vliet and Otto Adang

&' Notes

1 Some exceptions of experiments with crowds exist. The research institute TNO and the Police Academy of the Netherlands performed experiments
during military and riot police training (Bruinsma-Jakobsen 2007; van Vliet 2007; Wetzer et al. 2010).

2 This festival CROSS model is developed in Repast symphony and is publicly available on Sourceforge (CROSS 2010) and OpenABM (CROSS
2012).

3 In that sense, an individual knows how to breathe, which does not mean, however, that he can describe how breathing in the human body works.

4 The inclusion of goals is considered necessary following Newell's principle of rationality: actions are selected to attain the individual's goals (Newell
1982).

5«Schoelles: the concept of goal has many senses. It can be used in a motivational sense; it is something we want to achieve in the future, something
we are aspiring to. It can also be an endpoint for a problem-solving experience" (Gray 2007, pp. 325)

6 Goal choices are inspired on the 'need' concepts of Max-Neef (1993) and Maslow's motivation concepts(Maslow 1943). We explicitly include a
dynamic hierarchical structure of goals and thus reject Maslow's fixed hierarchical structure (Wahba & Bridwell 1976).

7 In terms of Anderson & Lebiere (1998): Facts, or declarative knowledge are represented in so-called chunks.
8 Other procedure rules could concern internal processes. For instance, learning based on the content of memory.
9 In CROSS, perception is "hard-coded', which means that no intelligent algorithm is behind perception.

10 Recall that within CROSS, the social environment is a perception of each individual agent of other agents in its environment. The relationship an
agent has with others is therefore an internal representation at the cognitive level of the agent.

1 tis, of course, acknowledged that being in a large group or standing close together can also increase the feeling of safety. This may, for instance,
be the case for young males who show “spontaneous' aggressive behaviour without an external interaction trigger, in Adang's initiation-escalation
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model (Adang 2010). This is, however, not addressed here.

12 A classical experimental design usually involves the relation between two variables on one aggregation level. Where one variable is systematically
manipulated (independent variable - a suspected influence factor) and the other is measured for effect (dependent variable - a pattern).
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