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Preface

This document, my thesis, is part of the Master’s program Geographical Information Management and
Applications (GIMA). It is titled ‘An agent-based approach to the assessment of carrying capacity in
Amsterdam’.

An important topic of this thesis is the concept that individuals carry around a protective zone in which
others are not allowed: personal space. Personal space is a critical topic in the current situation
regarding COVID-19 and the way we as a society are trying to overcome the seclusion that goes
alongside it. A substantial part of this thesis was written during the COVID-19 outbreak in The
Netherlands. | hope that everyone reading this is in good health.

Completing this study would not have been possible without the supervision of Arend Ligtenberg. |
would like to thank you for your feedback and support. | would also like to thank my fellow students,
which | have spent many hours with discussing each other’s work. Thank you for the valuable coffee
and lunch breaks.

| hope you enjoy reading this thesis.

Vince Doelman



Summary

Overcrowding in urban areas is increasingly becoming a problem. One of the causes is tourism and the
adverse impact it has on destinations. In Amsterdam, tourism is reaching a state in which negativity
towards it starts to occur. In this study, the concept of carrying capacity is under investigation. Carrying
capacity in an urban context indicates a maximum level of visitors an area can sustain, before
deterioration starts to occur. It is reached, when the demand for physical space has overgrown the
supply of it. A term related to carrying capacity, is crowding. Crowding is a negative evaluation of visitor
density and occurs when a high number of people gather together. As crowding is experienced on an
individual level, but is the result of a congregation of people, agent-based simulation was used as
method for assessing carrying capacity. It was assessed on street level, where people and their mutual
interactions best resemble crowded situations. An agent-based model was developed for a segment
of the Kalverstaat in Amsterdam, simulating pedestrians dynamics. A critical variable was used to
assess whether the area was too crowded or not: personal space. Any situation where an individual’s
encounter with another one resulted in a higher demand of space, one’s personal space was intruded.
Indicators were assigned to the pedestrians to simulate pedestrian dynamics, such as the size of
personal space, the number of others allowed in one’s personal space, the time that one allows others
inside one’s personal space, the adjustment of people their walking speed as to empty out one’s
personal space, and the severity in which one circumnavigates around other pedestrians as to empty
out one’s personal space. Persisting intrusions of personal space by other pedestrians resulted in
pedestrians deciding to leave the model area. This decision was based on a crowding norm. This
crowding norm consisted of a general norm, multiplied by the moderating effect that age and ethnicity
have on the perception of crowding. Pedestrians leaving the model area due to experienced crowding
was used to assess the carrying capacity. The size of one’s personal space and the number of others
that are allowed in one’s space have the most effect on the number of pedestrians that decide to exit
the street due to crowding. A scenario was implemented to investigate whether the spatiotemporal
characteristics of an area influence the carrying capacity. The busiest day of the year, the Saturday
before Christmas, was simulated. Higher visitor numbers lead to a higher numbers of pedestrians
deciding to exit the street. Another scenario was implemented to investigate the effect of the
moderating variables age and ethnicity on the crowding norm and its subsequent effect on the carrying
capacity. The use of moderating variables appears to have somewhat of an influence in the assessment
of carrying capacity, but additional research is required.
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1. Introduction

1.1 Background and context

For years now, cities have been attracting people. A global trend of moving towards cities has been
occurring in the past century, and it does not seem to stagnate any time soon (Rees & Wackernagel,
1996; Buhaug & Urdal, 2013). This growth of cities’ populations puts a serious pressure on society’s
ability to provide services to its inhabitants such as housing, health care and electricity. But cities are
not only growing in terms of inhabitants. Visitor numbers are increasing as well, and urban tourism as
a result of increasing leisure-expendable income has made its way into the cities (Spirou, 2003).
Especially since the economic crisis of 2008, economic revival, cheap ways of travel and unique city
branding fueled the phenomenon of urban tourism. Urban tourism has for some years been growing
twice as fast as national tourism, due to strategic city marketing plans (Gerritsma & Vork, 2017).
Amsterdam is estimating to host 17.4 million overnight stays in 2019, a number as high as the
population of the entire Netherlands (Gemeente Amsterdam, 2019; NOS, 2019).

Tourism is considered an economic driver for cities, and local policy has been inviting towards tourism.
Direct benefits come from tourists sleeping in hotels and making use of for tourist-designed services.
Indirect benefits come from goods and services typically not designed for tourist use and also not
exclusively used by them. It is these indirect benefits that add value to an urban economy making cities
competitive (Bellini & Pasquinelli, 2017). There are, however, downsides related to tourism. First, the
actual financial contribution of tourism is criticized because of a supposed inequality of the distribution
of benefits (Lankford & Howard, 1994; Bellini & Pasquinelli, 2017). More directly visible negative
impacts are related to nuisance caused by tourism. Mass tourism can result in an undesirable spatial
concentration of tourists in popular destinations or areas. Congestion, as a result of this spatial
concentration, can result in a reduction of visitors’ enjoyment. Moreover, congestion has negative
impacts on the area itself as well, in the sense of environmental or social deterioration (Riganti &
Nijkamp, 2008).

Many of the cities that accommodate tourists are large places with a diverse and multifunctional
character. Tourists can easily be absorbed in places like these. Additionally, (international) tourists are
not the only users of the city. Inhabitants and domestic (day) visitors participate in the urban space
use as well (Neuts & Vanneste, 2018). The various types of urban space users and growing numbers of
urban visitors make some researchers think that there is “a lack of agreeable evidence that current
urban tourism development trends in fact contribute to creating more livable cities” (Bellini &
Pasquinelli, 2017, p. 55).

1.2 Problem statement

Neuts and Vanneste (2018) define ‘crowding’ as “a negative assessment of visitor density, leading to
stress.” (Neuts & Vanneste, 2018, p. 403). Overcrowding in cities is increasingly becoming a problem,
and tourism is one of the causes (Gerritsma & Vork, 2017). Crowding, as a result of tourism, has led to
‘overtourism’ becoming a popular term. Both in scientific articles as well as mainstream media,
overtourism has made its entrance (Koens, Postma & Papp, 2018; Trouw, 2019). It is a relatively new
term, and it is built around a concept which has, for quite some years now, been a major part of the
discussion on tourism and the adverse impact it has on destinations: carrying capacity (O’Reilly, 1986;
Koens, Postma & Papp, 2018). Even though carrying capacity is an often used term, it also subject to
scrutiny. First and foremost, due to the terms ambiguity. Different researchers have a different focal
point when defining carrying capacity (McCool & Lime, 2001). A second critical note relates to it not
being just a singular numerical constrain. While this is in some cases suggested, it is considered to be



a dynamic concept that changes over time (Saveriades, 2000). Currently, the theory surrounding
carrying capacity is vast, but there is no single approach on defining or assessing it. Moreover, what is
considered adverse impact varies between different authors and approaches (Simon, Narangajavana
& Margues, 2004).

Narrowing down to an urban scale, the city of Amsterdam is experiencing annual increases in visitor
numbers (Gemeente Amsterdam, 2019). In Amsterdam, tourism is reaching a state in which negativity
towards it starts to occur. Not only locals, but visitors too, feel that the city is too crowded (BOMA,
2016; Gerritsma & Vork, 2017). A proper assessment of where and when densities of visitors occur
seems fitting for the current extent of the problem. A preliminary look at the available data reveals
that visitor numbers are available for specific destinations or areas, but these numbers concern all
types of visitors (foreign and national, overnight and day-trip) and are aggregated, sometimes covering
the extent of a year (Gemeente Amsterdam, 2018). This seems unfit when assessing carrying capacity.

The dynamic and complex character of the concept makes it highly suitable for assessment by means
of simulation. Additionally, as full data coverage of the issue is missing, determining tourist densities
by computer simulation offers the possibility to model real world situations on a small scale in order
to capture bigger emergent phenomenon that are otherwise not easily predictable (Macal, 2016).
Defining carrying capacity into a tourism context and using it as a foundation for a simulation model
will contribute to the assessment of tourism-induced crowding in two ways. First, densities of visitors
can be deduced to determine possible situations of reached carrying capacity. Second, to create such
a simulation, a formalization on the assessment of carrying capacity has to be established. Visitor
densities can be captured best through microscopic modelling. Microscopic models are used to capture
collective phenomena emerging from complex interactions between individuals. Especially when
assessing the carrying capacity of a destination, emergent behaviour from individuals and their
interaction with space is crucial.

1.3 Research objective and questions

The aim of this thesis is to develop a framework and a simulation model that provides insight into the
effect visitors have on the carrying capacity in Amsterdam. In a tourism context, carrying capacity is
related to crowding, and it is expected that different moments in time have a different effect on that
crowding. This thesis has the following main objective:

To determine the carrying capacity at street level in Amsterdam by firstly defining carrying capacity
and its indicators and secondly simulating the interactions of visitors in relation to the spatiotemporal
characteristics of the research area.

To achieve the research objective, the following research questions are formulated:
RQ1: What is carrying capacity and what are its indicators?
RQ2: How can these indicators be formalized into a scheme applicable to agent-based modelling?

RQ3: What are the spatiotemporal characteristics of the case study area in relation to the carrying
capacity indicators?

RQ4: How do the agents influence the carrying capacity of the case study area?

RQ5: To what extent is the model representative to simulate the carrying capacity of a destination
according to pedestrian presence?



1.4 Scientific and societal relevance

This research will contribute to the scientific debate on how to define and assess the carrying capacity
of a destination. Different definitions with different focal points, key assumptions and assessment
methods have been developed over the years (McCool & Lime, 2001). This body of literature focuses
too narrowly on static capacities of areas, while carrying capacity has a much broader, dynamic
character (Shi, Wang & Yin, 2013). This study aims to add to this discussion by defining and
conceptualizing the concept of carrying capacity for the Amsterdam urban area. Additionally, crowding
and pedestrian movement has yet often been studied by means of simulation, and it has proven to be
suitable method for determining group behaviour by having single agents interact with each other.
This study adds to this research field by combining agent-based simulation on with tourism and
crowding. Furthermore, this research will contribute to the societal debate whether there are actually
too many visitors or not and if their presence exceeds a certain threshold after which negative impacts
occur (De Volkskrant, 2018). The street level area which will be modelled in this research is the
Kalverstraat in Amsterdam, which has been closed temporarily in 2013 due to extreme visitor numbers
in the days before Christmas (AT5, 2017). Popular areas with a specific purpose (e.g. shopping) but
with a limited confined space can be put under severe visitor stress, ultimately leading to loss in
customer satisfaction and visitor enjoyment. People tend to leave a crowded area, or if crowding
occurs over a longer period of time, areas get closed down with possible loss in revenue as a result.
This study has societal relevance in creating insights for policy makers regarding (over)crowding of
pedestrians with shopping and passage purposes in a shopping street.

1.5 Reading guide

This first chapter contained the introduction with the problem statement, research questions and
relevance of the study. The second chapter will give a theoretical overview of carrying capacity and its
related concepts, how to define indicators of assessing carrying capacity, the Social Force Model will
be discussed, and the chapter will be concluded with a literature review on agent-based modelling.
The third chapter contains this study’s methodology. Here, a formalization of the in the second chapter
discussed indicators of assessing carrying capacity will take place. Moreover, the conceptual model
and the implementation of the agent-based model will be explained. The fourth chapter contains the
validation and verification stage of this study, where the model is investigated on its functioning. The
fifth chapter contains the results of this study, which are derived by means of a sensitivity analysis. In
the sixth chapter, 2 scenarios are explained, implemented and analyzed, in which the different
spatiotemporal characteristics of the model area are under investigation as well as the moderating
effect of the personal characteristics age and ethnicity. The seventh chapter concludes this study, and
the eighth and final chapter discusses this study’s further research opportunities and impediments.



2. Literature study

This chapter will provide a review of the literature on the concepts of carrying capacity, crowding and
agent-based modelling. Carrying capacity and crowding are no novel subject. Carrying capacity is used
in various fields of study, ranging from ecology to spatial planning. Crowding has been under
investigation quite extensively in outdoor settings, and pedestrian crowding appears to be very
suitable to be investigated by means of simulation. Among the topics of this chapter are definitions of
carrying capacity, how to assess it, crowding and an introduction to agent-based modelling. Section
2.1 starts with a general introduction of how modern urban tourism, followed by a review of the
concept of carrying capacity and tourism carrying capacity (section 2.2). Hereafter, crowding and the
assessment of crowding are under review (section 2.3 and 2.4). In section 2.5, the Social Force Model
is explained, which is a critical model in understanding pedestrian movement. Section 2.6 touches
upon the topic of agent-based modelling. Pedestrian dynamics in agent-based simulations, section 2.7,
is the final topic of this literature study.

2.1 Urbanization and urban tourism

In the period after the second world war, the amount of people living in cities increased from 740
million to nearly 3 billion (Altvater, 2005). In the same time, cities deployed new economic
development strategies, by investing in the urban infrastructure and the marketing of cities as places
of entertainment. These strategies were fueled by the fact that citizens, for instance on holiday or
visiting for business, had ever increasing amounts of leisure-expendable income than ever before.
Local governments increased the investments on cultural services, to serve the needs of a more
culturally diverse public demand (Spirou, 2003). These investments resulted in an economy of urban
tourism, which in most recent years has been gaining immense popularity over national tourism
(Spirou, 2003; Gerritsma & Vork, 2017). Local governments focused on highlighting the heritage of
their city and cultural identity, hoping to gain revenue from the social and economic transformation.
Globalization further fueled this focus, by enabling competitiveness between cities to attract both
business and recreational visitors, forcing cities to adopt new strategies to appeal to these groups.
Tourism, both national and urban, became a means of economic growth, resulting in a reorganization
of the physical landscape of cities (Spirou, 2003).

Unlike its scientific embedding now, with over 1300 references on Scopus, the topic of urban tourism
used to be considered fragmented, or not be seen as a distinctive field of study at all (Ashworth &
Page, 2011). This is somewhat paradoxical, according to Ashworth and Page (2011). First, urban
tourism is of global importance, but receives relatively little attention in scientific literature from both
tourism scholars and city geography scholars. Despite its significance (it being a more popular form of
tourism than national tourism), it remains an abstract concept lacking a clear definition (Ashworth &
Page, 2011; Gerritsma & Vork, 2017). Second, while there are multiple reasons for a tourist to visit a
city, tourists are to a large extent invisible. The cities that accommodate most tourist are large
multifunctional entities into which tourists can effortlessly absorb, thus becoming economically and
physically indistinguishable from local communities. Third, to build on the second paradox, tourists
make extensive use of cities’ facilities while these facilities have generally not been designed for tourist
use. Fourth, tourism can generate serious economic welfare, but the cities whose economies rely most
upon tourism generally benefit the least and vice versa. Fifth, the relationship between tourist and city
is not mutual, which has many implications for policy-makers. The tourism industry needs the
multifunctional character of the city, whereas the city not necessarily needs tourism (Ashworth & Page,
2011, pp. 1-2). As cities are increasingly under pressure, the question of what cities can absorb before
negative impacts take over arises. This is called carrying capacity.
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2.2 Carrying capacity

Carrying capacity originates from the field of ecology, and it is influenced by Malthus’ theory of
population growth and the limiting factors of the environment on the human progression (Seidl &
Tisdell, 1999). The environment’s resource base, upon which all (economic) activity is based, includes
ecological systems that take care of a variety of services. This resource base is not unlimited, and
careless use of this resource system can have an irreversible effect on the capacity of the system (Goss-
Custard et al., 2002). This is frequently denoted by the term carrying capacity (Arrow et al., 1995; Goss-
Custard et al., 2001). The term indicates the amount of demand, for instance hungry birds, that can be
supported by a certain supply, for instance food. From its use in ecology, the concept made its way to
other fields of study (Saveriades, 2000; Simon, Narangajavana & Margues, 2004; Oh et al., 2005). In
urban planning, carrying capacity is usually defined as the ability of a (natural or artificial) system to
absorb population growth or physical development without structural damage (Oh et al., 2005).
Likewise, there is an interpretation of carrying capacity for tourism. Carrying capacity relating to
tourism (i.e. tourism carrying capacity) generally focusses on the largest number of tourists a
destination can fit, based on the maximum use of the available land (Marsiglio, 2017). A numerical
maximum is derived in relation to what the investigated space or land can offer. Critical notes to this
definition is that it lacks factors influencing visitor flows, such as environmental and cultural factors of
a destination. Additionally, the concept of tourism carrying capacity is generally interpreted in relation
to the quality of the experience. Here, the carrying capacity concept is supplemented with the idea
that a destination can fit a maximum amount of visitors before the quality of the experience starts to
decline (Hovinen, 2002; Marsiglio, 2017). Saveriades (2000) further elaborates on the definition of
tourism carrying capacity by summarizing multiple definitions. All definitions relating to carrying
capacity treat two major components. First, there is the issue of the bio-physical component, relating
to the integrity of the resource-base which implies a tipping point after which the ecosystem in use
will experience deterioration because of over-exploitation. Second, there is a behavioural component,
relating to the quality of the recreational experience (Saveriades, 2000).

Despite multiple endeavors of defining carrying capacity within a tourism context and expressing it in
numbers of visitors, certainty about the coverage of the definitions and assessment methods remains
difficult. When taking into account that at some point tourist experiences start to deteriorate, what
are than the experiences provided at the scale for which the carrying capacity is assessed? What value
system is used when measuring carrying capacity? According to McCool and Lime (2001), these
qguestions are of crucial importance when investigating carrying capacity, but these questions are
generally ignored in literature studies (McCool & Lime, 2001). Within these questions, McCool and
Lime (2001) imply that carrying capacity is inherently bound to the function of the location that is
under investigation, and they criticize most studies on carrying capacity by arguing that too many
attempts focus on just a numerical limitation. Mcintyre (1993) defines carrying capacity as the
maximum use of a destination without causing negative effects on resources, resulting in lost visitor
satisfaction. Inskeep (1991) defines carrying capacity as maintaining a level of development that will
not lead to environmental or cultural deterioration. Pigram and Wahab (2005) put their focus for
carrying capacity on the maximum use of any place without causing negative effects to this place.
However, tourist destinations are no static environments with even amounts of visitors at all times.
Destinations are subject to selective visitor behaviour, as seasonal influences play a major role in
tourism (Chung 2009; Koens, Postma & Papp, 2018). Moreover, as tourists move between sights,
monuments, museums and other attractions related to their trip (Kadar, 2014), they inevitably have
to deal with clusters of other visitors. Emphasis should be placed on the social and spatial conditions
at a destination, allowing for a more dynamic definition of carrying capacity. This is of importance
when assessing it, but it is hardly ever addressed (McCool & Lime, 2001; Wei et al., 2015).
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Regarding tourism carrying capacity, Cocccossis and Mexa (2017) argue that the carrying capacity of
touristic areas has been under investigation as long as there are concerns on the impacts of tourism.
There should be limits on touristic development, but carrying capacity can be interpreted and utilized
in many ways. For larger geographical areas, such as island, settlements, towns or regions, the concept
is interpreted in a more economic sense, relating to touristic development such as (the number of)
hotels versus (the number of) leisure activities. For smaller geographical areas, the concept is
interpreted in terms of crowding (Coccossis & Mexa, 2017). As is becoming clear, the various ways
carrying capacity is defined, relate to the sector and size of the area for which it is measured. When
measuring it, an environmental aspect indicating the infrastructure needs to be taken into account as
well as a social aspect, indicating visitor enjoyment and host tolerance (McCool & Lime, 2001; Zehrer
& Raich, 2016; Coccossis & Mexa, 2017).

2.3 Crowding

Generally, tourist cities tend to have similar tourist-related problems. However, tourist destinations
that have been on the radar for a longer time, also called mature destinations, more frequently witness
negative impacts caused by tourism. These issues are usually characterized by overcrowding or
congestion (Riganti & Nijkamp, 2008). Crowding becomes a serious problem when negative
externalities related to the urban quality occur (Neuts & Vanneste, 2017). Crowding is defined as “a
negative assessment of visitor density, leading to stress” (Neuts & Vanneste, 2018, p. 403). With this
definition, a distinction is made between density, as a physical limitation of space, and stress, as a
perception of this density. Crowding is a complex concept, because crowding phenomena are related
to other societal issues, making it often difficult to separate perception elements from physical spatial
limitations. Variables relating to the spatial limitation of space as well as the effect crowding has on
human behaviour vary at each spatial level (Stokols, 1972). Crowding is generally associated with
situations where an individual perceives that the carrying capacity of an area is exceeded, resulting in
some form of displeasure (Neuts, Nijkamp & Van Leeuwen, 2012). Density deals with a numerical
constraint, where a physical situation is expressed in terms of persons per available land area (Steffen
& Seyfried, 2010).

As travel intensity will continue to increase, and more people will be able to travel, trip sizes are
expected to become shorter and more frequent. More pressure will consequently be put on
destinations. This pressure won’t be new, especially not in mature tourist destinations, but
concentration and congestion of visitors is likely to increase (Coccossis & Mexa, 2017). With increased
spatial crowding, people are likely to feel limited in their freedom of movement, which can be
considered an inability to people’s personal space (Song & Noone, 2017). This limitation in the freedom
of movement is likely to provoke feelings of discomfort and stress. People feeling stress are likely to
respond to that stress by applying coping mechanism appropriate to their behaviour. It is generally
thought that there are two coping mechanisms. In the first strategy, an individual decides to remain
within its crowded surroundings, trying to reduce stress by basically ignoring what is going on and
trying to stay calm and positive. In the second strategy, the opposite occurs and an individual feels the
urge to leave the environment as soon as possible, by doing so eliminating the feeling of stress (Song
& Noone, 2017). Peoples’ behavioural responses to the presence of others can be theoretically
underpinned by the Social Force Model. This model, which will be explained more in depth in
paragraph 2.5, assumes that pedestrians are, while in motion, subject to certain forces. These forces
drive individuals to move in a certain direction, constantly evaluating the situation in which they are
involved. The perception of crowding is thus an evaluation based on the presence of others (Schmidt
& Keating, 1979; Helbing & Molnar, 1995; Neuts & Vanneste, 2018).
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2.4 Crowding assessment

Crowdingissues arise when large groups of people gather together (Zehrer & Raich, 2016). When these
groups of people encounter each other, different expectations are involved. Usually, these
expectations do not align, as individuals have different motives for visiting an area (Vaske & Shelby,
2008; Coccossis & Mexa, 2017). Moreover, people do not feel the same when encountering others.
There are tolerances involved, which vary between different groups of people (Neuts & Nijkamp,
2012). According to Neuts & Nijkamp (2012), these variations in tolerances and norms among groups
of people should be taken into account when investigating visitor density. A critical variable which has
been used to link the amount of people in an area to an assessment of people perceiving an area as
(too) busy or not, is personal space.

personal space

The section on carrying capacity elaborates on the principle that when carrying capacity is exceeded,
the demand for space has overgrown the supply of it. Within crowding phenomena, this translates to
any situation where an individual’s encounter with another one results in a higher demand of space.
The situation can then be marked as crowded (Stokols et al., 1973). An individual’s demand for more
space can be expressed in terms of personal space. Personal space is defined as a small, protective
zone around an individual, that acts as a barrier between them and others. When someone else
intrudes this space, a person may react negatively towards the situation. Feelings of fear and anxiety
may occur. Bigger groups of people (i.e. crowds) can trigger feelings of anxiety, lost sense of control of
a situation, reduced pleasure and other responses aimed at avoiding the situation (Jacobsen et al.,
2019).

Von Sivers and Koster (2015) further investigated the concept of personal space. They argue that
personal space is the distance one keeps from the other, to feel comfortable. This distance is, as
originally investigated by Hall (1966), measured in centimeters in a circle around an individual. What
is considered comfortable, usually varies between 45 and 120 cm and is highly dependent however on
demographic factors (Stokols et al., 1973; Chattaraj, Seyfried & Chakroborty, 2009). According to the
research done by Hall (1966), people crave certain spaces. There are four zones carried around by
individuals: the intimate zone, personal zone, social zone and public space (Von Sivers & Koster, 2015).
The intimate zone defines the first 45 centimeters, and it is the space in which it is nearly unavoidable
to fence off bodily contact. In this area, human odor and heat are distinguishable, and it is considered
an area reserved for sexual partners and children that need care or protection. The second zone is the
personal space, which ranges from 45 to 120 centimeter. In this space, family and friends are accepted,
and itis the minimal individual distance that is kept between a person and a stranger. It literally enables
a person to keep someone at arm’s length (Von Sivers & Kdster, 2015). The social zone and the public
space, respectively ranging from 120 to 360 centimeters and more than 360 centimeters, don’t directly
influence pedestrian dynamics, and are thus of lesser importance when assessing crowded situations
(Von Sivers & Koster, 2015). Figure 2.1 (left panel) shows the distances someone carries around. One’s
intrusion of someone other’s personal space may dispose someone with feeling crowded (Stokols et
al., 1973). The right panel of figure 2.1 differentiates between close and far phases in a person’s zone,
indicating that even within ‘one zone’, people can experience different feelings. As mentioned, keeping
one at arm’s length is a desirable range for someone to experience freedom of movement (i.e. no
intrusion of personal space), but this is considered the far phase of one’s personal space. Considering
the close phase, people have ‘elbow room’, indicating a different feeling towards others while it’s part
of the same personal space zone (Von Sivers & Koster, 2015).
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Figure 2.1: Zones of personal space (Von Sivers & Késter, 2015)

Walking space

As most cities that accommodate tourism offer their experience to tourism on foot, a walkability
characteristic is a suitable indicator for measuring tourism carrying capacity (Ujang & Muslim, 2014).
A place is considered walkable when the built environment supports and encourages walking, walking
comfort and safety is provided, destinations are connected, and destinations can be reached within a
reasonable amount of time (Southworth, 2005; Ujang & Muslim, 2014). In high density urban
conditions, the idea of maintaining one’s personal space can prove to be difficult, such as walking in
high-density streets. Intrusions of personal space by strangers can lead to feelings of discomfort, but
keeping one’s social distance (i.e. the preferred distance between individuals) is dependent on the
total amount of space that is available (Engelniederhammer, Papastefanou & Xiang, 2019).

Individual factors on perceived crowding

Yet briefly touched upon in the beginning of this section, individuals evaluate high-density situations
or crowds differently. When assessing carrying capacity, these differences should be taken into
account. Generally, the differences are expressed in terms of moderating effects of an individual’s
perception of crowding. Perceived crowding is an expression of an individual’s judgement, and
individual differences have a moderating effect on this (Kuentzel & Heberlein, 2003). Different
moderating effects have been linked to the perception of crowding and appear to be context specific.
Crowding in retail settings is often assessed with moderators like hedonic or utilitarian shopping, base
level of emotion of customers and store layout (Eroglu, Machleit & Barr, 2005). There are more general
moderators for the assessment of outdoor tourist pedestrian crowding too. These moderators are,
perhaps obviously, age, gender and cultural background, although the relationship between gender
and perceived crowding has been questioned (Jacobsen et al., 2019). Age, however, has been found
to influence visitor perceptions of crowding. Older people tend to be less negatively impacted by
crowded spaces than younger visitors. (Zehrer & Raich, 2016). Younger people’s perception of personal
space is thus different than that of older people. Cultural background is found to be of influence on
perceived crowding too. Different studies show that people with a Western background (i.e. Northern
America and Europe) have a different level of tolerance towards crowding than people with a non-
Western background (i.e. the Middle East and Asia). People with a non-Western background appear
to have a higher level of tolerance, due to all kinds of cultural traits (Pons, Laroche & Mourali, 2006;
Chattaraj, Seyfried & Chakroborty, 2009). Another factor that influences the tolerance levels of visitors
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on crowding, is whether they are a first-time visitor or not. Repeat visitors perceive crowding
differently in contrast to fist-time visitors since they know what to expect (Zehrer & Raich, 2016).

Crowding norms

All individuals have standards regarding acceptable behaviour in a specific context. These standards
are defined as norms (Vaske & Donnelly, 2002). Individuals have standards which they use for
evaluating environments and activities, and they allow them to assess a certain situation as good or
bad, better or worse. A standard can be expressed in terms of norms, and these norms are used by
people to define how to behave and what to think of certain situations. Norms have often been used
to understand encounters between people, and it was assumed that perceived crowding was an
expression of an individual’s judgement on shared norms about keeping an ‘appropriate’ distance at a
given time and place (Vaske & Donnelly, 2002; Kuentzel & Heberlein, 2003). In addition, this norm is
influenced by individuals’ preferences, such as the previously described individual factors on perceived
crowding (Kuentzel & Heberlein, 2003).

2.5 Social Force Model

Next to individual’s norms and perception of a crowded situation, there’s the actual behaviour of
reacting to it. Human behaviour in normal situations is not considered regular or predictable, but
rather chaotic or irregular (Helbing & Molnar, 1995). Often, behavioural changes are influenced by
social forces and interactions between individuals. The Social Force model describes crowd behaviour
as a state of crowd interactions (Helbing & Molnar, 1995; Mehran, Oyama & Shah, 2009). According to
the social force model, a sensory stimulus causes a behavioural reaction that depends on the personal
aim of the pedestrian in question. Normally, this aim is to reach a specific destination as comfortable
as possible. In terms of pedestrian crowding, this would relate to a situation where no intrusions of
personal space occur (Hall, 1966; Helbing & Molnar, 1995). This route would normally be the shortest
route possible. Butin walking towards one’s destination, there is the possibility of encountering others.
The way pedestrians interact with each other can be translated into an equation of motion. According
to this equation of motion, the changes a single pedestrian makes in his or her behaviour is described
by quantity of the behaviours of others, which can be interpreted as social force (Helbing & Molnar,
1995). The social force represents the effect of the environment on the specific pedestrian. The
environment can usually be described as other pedestrians or borders; such as walls or other physical
restrictions. The social force that is felt by the pedestrian expresses itself in a motivation to accelerate
or decelerate when encountering these external forces (Helbing & Molnar, 1995).

Through the Social Force Model, a pedestrian is pulled towards a destination while simultaneously
being pushed away from the things that are exercising force on the pedestrian. Figure 2.2 depicts the
trajectory of 2 pedestrians and show a predicted collision according to their trajectories. In, what is
called by Sakuma, Mukai and Kuriyama (2005) the critical zone, pedestrians take direct action to avoid
collision. This avoidance by pedestrians is an expression of the Social Force Model (Helbing & Molnar,
1995; Sakuma, Mukai & Kuriyama, 2005).
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Figure 2.2: Pedestrians’ trajectory and predicted collision zone (Sakuma, Mukai & Kuriyama, 2005)

When a future collision is detected by the individual, an optimum avoidance response is determined
out of a few possible options. Smooth avoidance is implemented by an individual by gradually steering
to the side, when there is enough time to react. The direction in which to gradually move away is
determined by the positional relation among the agents, meaning they will steer to the way which they
were already heading. This is illustrated in the left pane of figure 2.3 (Sakuma, Mukai & Kuriyama,
2005). In the right pane of figure 2.3, urgent avoidance is illustrated. When another individual is
entering one’s critical region (e.g. personal space), the individual has to pick a strategy that will rapidly
lead to an increase in his or hers personal space. This is decelerating when following a preceding
pedestrian, or stepping aside when encountering another pedestrian (Sakuma, Mukai & Kuriyama,
2005). The objective of any of the strategies is to ensure no intrusions of someone’s personal space.

Gradually steer

< to either side Decelerate Step to either side

Figure 2.3: Smooth and urgent avoidance strategies (Sakuma, Mukai & Kuriyama, 2005)

2.6 Agent-based modelling

Simulation has often been used as a method of efficiently controlling groups of simple, individual
creatures (Sakuma, Mukai & Kuriyama, 2005). Agent-based modelling (ABM) or agent-based
simulation is a support tool to capture movement patterns and emergence. Through agent-based
modelling, a system is modelled as a collection of autonomous decision-making entities called agents.
Each agent individually assesses its situation and makes decisions on the basis of a set of rules. Agents
may execute various behaviours appropriate for the system they represent (Bonabeau, 2002, p. 7280;
Antonini, Bierlaire & Weber, 2004; Lau & McKercher, 2006). A feature of agent-based modelling is
repetitive interactions between agents possibly leading to behavioural dynamics which cannot be
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captured with traditional methods. An agent-based model can even in its simplest form provide
valuable information about real world dynamics by allowing agent interactions and the possible
resulting unanticipated behaviour. There are three general benefits as to why an ABM should be used.
It firstly, captures emergent phenomena from interaction between individuals (Bonabeau, 2002). The
idea here is that the whole is more than the sum of its parts. Emergent phenomena can have properties
that cannot be traced back to the properties of an individual entity. The power of the agent-based
model, is that in a model, one simulates the behaviour of the system’s individual units and interactions,
looking for emergent phenomena from the bottom up when the individual units (i.e. the agents) are
interacting with each other (Bonabeau, 2002). Secondly, an agent-based model provides a natural
description of a system. When looking into a system that’s made up out of behavioural entities, an
agent-based model is a suitable system to ensure the model stays close to reality. When investigating
how people move through a specific area, an agent-based model will be a better method than
analyzing statistical data on aggregated walking data (Bonabeau, 2002). Thirdly, is it flexible. More
agents can for instance easily be added to the model, possibly leading to different emerging
phenomena. Also within the agents, different levels of complexity can easily be added or removed,
and often when implementing an agent-based model, these options appear to be a necessary feature
(Bonabeau, 2002).

In the field of geography, systems are characterized by continuous change through time and space.
Individuals interact with each other and with the environment, and these interactions can have an
impact on multiple spatial and temporal scales (Crooks & Heppenstall, 2012). To understand
geographical problems such as sprawl and congestion, simulating individual decision making processes
became a viable approach for capturing the answers to these problems (Bonabeau, 2002; Crooks &
Heppenstall, 2012). As crowding can be defined as something that is experienced by individuals, it is
highly suitable to investigate by means of simulation. An individual agent carries zones of intimate and
personal space around, and the interaction between pedestrians and between pedestrian and
environment can determine the overall perceived crowding on a higher scale, indicating whether
tourism carrying capacity is reached or not (Kerridge, Hine & Wigan, 2001; Von Sivers & Koster, 2015).

2.7 Pedestrian dynamics in agent-based modelling

The previously mentioned Social Force Model and concepts such as crowding norms and individual
moderators can all easily be implemented into an agent-based model. Such models shows full potential
in contexts of pedestrian environment, because of the collective behaviour that can emerge from local
movements. These movements do not only apply to closed spaces such as stores or railway stations,
but agent-based models can be implemented in any spatial context (Pluchino et al., 2013). There is a
broader mechanism responsible for applying the Social Force Model by individual agents. These are
the cognitive abilities of agents (Turner & Penn, 2002). Abilities to detect obstacles and react
accordingly, apply some sort of field of vision, is among the things mentioned by authors in the
segments ‘conclusion and future work’ (Turner & Penn, 2002; Koh & Zhou, 2011). Additionally, not
only obstacles should be in the cognitive spectrum of agents. Also elements such as knowing and
noticing that there is an entrance or exit to go to when this is desired, and plan a new route towards
that entrance or exit, should not be left out when modelling pedestrian dynamics through agent-based
modelling (Turner & Penn, 2002).
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3. Methods

3.1 General approach

This chapter described the developing phase of the simulation model. The literature review performed
in the previous chapter, focusing on crowding, the assessment of crowding and pedestrian dynamics
in an agent-based simulation were taken as input for this model, in order to determine the effect of
pedestrian visitors on the street level carrying capacity in an Amsterdam shopping street. First, the

Define carrying capacity

Literature review
What are the indicators of assessing carrying capacity?

A

Conceptual model [ Indicator formalization }

rd ‘f "
Model implementation { Model design phase J

rd ‘f "
Verification, { Model performance test J

validation,
calibration { Model input test J
¥

Sensitivity analysis [ Test key parameters }

rd ‘f "

Scenario -

implementation { Implement scenario’s J

Results [ Analyze resulis }

Y v

general outline of
Figure 3.1: General outline of the research

the methodology chapter is described in figure 3.1. Section 3.2 gives a brief summary of the key
findings from the literature chapter. In section 3.3, the conceptual model of this study is described,
elaborating on model assumptions and the formalization of indicators derived from literature. Section
3.4 discusses the model implementation.
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3.2 Conclusion from literature study

Many contributions have been made to add to the definition of carrying capacity, in different fields of
study. A common focus of the various definitions, was the focus on a supply and demand of a natural
resource. Carrying capacity is reached when the demand for something has overtaken the supply it. A
crucial part of carrying capacity in tourism context, is that it firstly relates to the maximum number of
tourists a destination can have before irreversible damage occurs. Secondly, it relates to the amount
of visitors an area can sustain before tourist experiences start to deteriorate. An important distinction
here is made between visitor numbers and deterioration of experience.

Determinants on which to assess carrying capacity are both vaguely defined as well as highly
dependent on the area for which they are assessed. It was therefore crucial to limit the determinants
of carrying capacity in this study. In this research, emphasis was put on crowding and crowding-related
behaviour. Crowding is a way of assessing carrying capacity when investigating smaller regions, and
crowding is something that is perceived by individuals. The collective behaviour of different individuals
perceiving crowding can result in emerging phenomena, making agent-based modelling a suitable
method of assessing carrying capacity. Additionally, situations are labelled as crowded if one is limited
in fulfilling their objective due to physical constraints imposed by other people present and obstacles.
For this study, both the physical obstacles, i.e. the street and other pedestrians, and carrying capacity
in terms of fulfilling one’s objective and achieving one’s objective, are determinants on which carrying
capacity was assessed. Other determinants as mentioned in literature will be not taken into account,
such as environmental and resource degradation.

Throughout the literature review, it became apparent that in the concept of crowding, there is a
distinction between capacity as a number and capacity as a perception. Crowding is measured in terms
of physical density, as a derivative from the maximum number, and social density, as a derivative of
the perception of experience. The physical density is expressed in terms of the size of one’s personal
space and the freedom of movement that related to the size of this space. This social density is
measured in terms of intrusions of this space, and the negative feelings that go alongside these
intrusions. Additionally, when investigating carrying capacity, the scale on which the investigation is
performed is critical when determining variables to assess it. As mentioned in the literature, for large
scale research, it is usually measured in terms of hotel stays relative to the leisure experiences offered.
For smaller geographic areas, it is assessed in terms of crowding. In this research, physical density and
social density are the variables which are assessed in the agent-based model.

Intrusions of personal space is by some met with feelings of fear and anger, while others tend to ignore
it and focus on the positive. People who considered crowded situations as bothersome will were
offered the choice to leave the area while others decided to stay. This choice was influenced by a base
level of tolerance of every pedestrian, also known as a crowding norm. This norm was then influenced
by the moderating effects of age and ethnicity, expressed in terms of a multiplier. Age and ethnicity
allowed variation in individual’s personal norms.

Pedestrian dynamics that are modelled in microscopic environments can be simulated by means of the
social force. This behavioural method lets pedestrians react to outside forces such as other pedestrians
or physical obstacles by adjusting walking speed and direction, which are known as avoidance
strategies. Social forces act as push and pull factors. Pedestrians are pulled to their destination (e.g. a
store or the other side of the street), while being pushed away from obstacles (e.g. physical obstacles
and other pedestrians).
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3.3 Conceptual model

The purpose of the simulation model was to assess street level carrying capacity, by investigating if a
street can be marked as crowded. The crowding of the area depends on whether the personal spaces
of the visitors of the area were intruded or not, and if the visitors could have achieved their objective.

3.3.1 Model assumptions
For the modelling phase of this study, model assumptions were derived from the theoretical
framework. With the conclusions from the literature study in mind (section 3.2), the following
assumptions were made:

- Obstacles will lead crowding. Obstacles are of physical nature, such as small corridors, stores or
other people

- Pedestrians do not enter each other’s personal space unless necessary, and agents apply social
force when walking

- Pedestrians have a walking speed within a general range and walking speed-related influences
such as age or general individual mobility are not taken into account.

- Pedestrians either perform shopping activities or use the street for passage and agents perform
one objective at a time. If an objective is achieved, a new objective can be given to the agent.

- Crowding is the result of objectives being unable to be achieved, due to others walking in the way.

- Pedestrians generally use the right side of the street for walking, meaning that there is a natural
dynamic in network situations where people stick to ‘their side of the road’ without causing
extreme chaos. Unless their current objective is elsewhere located in the model area, agents stick
to the right side of the street.

3.3.2 Study area

The model area is designed after a part of the Kalverstraat in Amsterdam. Figure 3.2 shows the
Kalverstraat in its topographic context. This street allows pedestrian dynamics to be modelled
realistically, as no other road users are allowed in this area. Additionally, the Kalverstraat offers
‘walking through the city’ and ‘shopping’, which are among the most undertaken tourist activities. The
Kalverstraat is also mentioned most often for leisure shopping while simultaneously being among the
lowest ranked for leisure shopping (BOMA, 2016; Gemeente Amsterdam, 2019). Spatial characteristics
of the network will be explained later in this chapter. Figure 3.3 shows the model network and the area
in the Kalverstraat after which it is modelled.
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Figure 3.3: The model network (left) and a segment of the Kalverstraat (right)

3.3.3 Agents, behaviour and environment

Agents

In this model, the agents represent individual pedestrians. Just like the model area, the model
population is designed after the Amsterdam tourist population. The research published by the
Amsterdam Marketing Bureau acts as input source for the model population, as this research contains
tourist information of the Amsterdam urban region (BOMA, 2016). Age and ethnicity were moderating
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variables for the perception of crowding, so the distribution of age and ethnicity among the
Amsterdam urban tourists were derived from this document. Neuts & Nijkamp (2012) state that
crowding is experienced by many people, but not everyone considers it to be a negative feeling. Their
study found that in that front country (i.e. urban areas) crowding was experienced negatively by 18.3%
of the respondents (Neuts & Nijkamp, 2012). Other participants of this study claimed to be neutral
about the experienced crowding of the area, or value it positively. As crowding is experienced by
everyone, but valued differently among people, every agent starts with the same individual norm for
evaluating a crowded situation as negative. This general norm is subject to the moderating effects of
age and ethnicity which acted as multipliers on the general norm. The resulting norm, containing
individual preferences, was then plotted into normal distribution. This ensured variance among agents
in evaluating crowded situations as negative, reflecting the subjective nature of perceived crowding.
This general norm is 0.183, as derived from Neuts and Nijkamp (2012). Table 3.1 gives an overview of
all agents’ variables, a description of these variables, what value is assigned to these variables in order
to formalize the variable, and the source from which this variable is derived.

Table 3.1: Agent variables, description, value and source

Variable Description Value Source

Crowding norm Probability of evaluating a crowded Mean 0.183 Neuts & Nijkamp,
situation as negative 2012

Personal space An area surrounding a person of 1.20 meter Hall (1966)

1.20 meter denoting someone’s
personal space
Velocity assigned to the agent

Walking speed Random between Gehl and Svarre,

0.85and 1.35m/s 2013

Adjusted walking
speed

Pedestrian travel

time
Agents nearby

Personal space
saturation
Intrusion time

Is intruded

Wants to leave

Window-
shopping

Velocity when an instance of a
personal space intrusion is
encountered

Total time the agent was active in
the model

Number of other agents that are
within the 1.20-meter range of the
agent

The number of people that are
allowed in one’s personal space
Total time the personal space of the
agent is intruded, in seconds
Boolean variable  determining
whether an agent considers its
personal space to be intruded -
requested after the continuous
intrusion time passed a threshold
value

Boolean variable  determining
whether an agent wants to leave the
street — requested when the Is
Intruded variable returns ‘yes’
Boolean variable determining
whether the objective of the agent

0.5 m/s deducted from the walking
speed

Calculated in the model

0 (changes when interaction between
agents occurs)

0 (changes when interaction between
agents occurs)
Yes / no (determined by agent
interaction)

Yes / no (determined by agent
interaction)

Yes / no



is to visit a store or to walk towards
the end of the street

Another attribute is walking speed and adjusted walking speed. Different studies have been performed
in order to determine walking speed. Not surprisingly, different results were found, and differences in
these walking speeds are due to walking preferences or other (limiting) mobility factors. In this study,
a walking speed is assigned randomly to every agent, ranging from 0.85 to 1.35 meters per second. As
agents do not want their personal space to be intruded, an adjusted walking speed is assigned as well.
This adjusted speed is a deduction of 0.5 meters per second from their original walking speed. The
resulting decrease in pace offered the agents the option to let the agent in front of him/her walk out.
The total duration of the agent on the network is expressed in the pedestrian travel time.

Agents’ adjusting their walking speed is the first avoidance strategy when another agent is too close
by. This is noticed by agents in the variable ‘agents nearby’ (table 3.1), which is by default zero when
there are no intrusions of personal space. For every agent that is too close, this number will increase
with 1. From the personal space zones surrounding a person as described by Hall (1966), the personal
zone, indicating the 1.20-meter buffer zone, will be used for determining the size of personal space. In
this zone, relatives and friends are allowed, but strangers are kept at this distance. On the verge of the
1.20-meter buffer zone, strangers can be kept ‘at arm’s length’. Inside this personal space zone, a
person still has ‘elbow room’ to move around (von Sivers & Koster, 2015). The described distances are,
however, depicted as concentric zones surrounding individuals. As an indicative measure for personal
space, this seems sufficient. However, in order to actively evaluate a crowded situation, an individual,
with its cognitive senses, must notice the intruder (Duives et al., 2015). For that reason, the concept
of viewing distance is added to the personal space zones. Agents that are in close proximity but not
inside an individual’s field of view are not taken into account when evaluating a crowded situation. An
agents’ field of view comprises of an angle (field of view) intersected by the circle of the personal space
zone. The angle for an agents’ field of view is set at plus and minus 45 degrees from the front of the
agent, given every agent a total viewing angle of 90 degrees (Duives et al., 2015). An overview of these
setting can be found in table 3.2. An addition to investigating intrusions of personal space is by checking
how many people are allowed in one’s space, and what the effect is on the carrying capacity. This
variable is called PS Saturation, indicating the saturation point of one’s personal space, and is by default
1. In reality, however, crowded situations can occur with more than 1 other person inside one’s space.
By increasing the threshold number of other people inside one’s personal space, thus increasing the
tolerance for crowding, different experiments can be performed.

The amount of time that an agents’ space is intruded is counted in seconds. This is stored in the variable
intrusion time. By default, intrusion time is zero, and this variable counts up for every second of
personal space intrusions. After 10 seconds, the agent feels intruded, but this does not yet have any
implications. The crowding norm determines how the agent evaluates the situation. The norm is
interpreted as a probability of staying in the street or leaving by taking the nearest exit. The threshold
value for intrusion time has not yet been properly studied in scientific literature. This value is taken as
an estimate, in relation to the total length of the network, which is 100 meters in length. 10 seconds
resembles approximately 10% of walking time through the model area (considering extra meters to
avoid other pedestrians), which is assumed a sufficient amount of time to experience a crowded
situation and to evaluate this situation.

As pedestrian behaviour in a shopping street is investigated, some of the agents are given the objective
to window-shop. The Boolean variable window-shopping is assigned to each agent. For 75% of the
agents, this value is true, meaning that these agents are partaking in window-shopping. For the other
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25%, this value is false, meaning that these agents are not partaking in window-shopping and they use
the street solely for passage.

Table 3.2: Variables and settings for determining agents’ vision

Variable Description Value Source
Personal space Zone around an individual = 1.20 meters Hall (1966)
describing personal space, Popp (2012)

indicating who is allowed inside the
zone (partner, children, close
friends) and who not (strangers,
distant friends)

Viewing angle Angle in degrees indicating the field -45 degrees, +45 Duives et al,
of vision that is captured by the degrees 2015, GAMA,
human eye. 2020.

Age and ethnicity have a significant effect on the perception of crowding and personal space (Chattaraj,
Seyfried & Chakroborty, 2009; Jacobsen et al., 2019). These two parameters are therefore considered
main moderators in their effect on the individual crowding norm of agents. According to (Zehrer &
Raich, 2016), older people are generally less influenced by negative crowding experiences than
younger people. Younger people tend to have a higher need for physical space. As described by the
Amsterdam Marketing Bureau, the average age of visitors is 38 (BOMA, 2016). Different age categories
were investigated, but the age groups closest to the average age borders at 40. In this study, age is
categorized in two groups, above 40 and below 40. As this study models after the Amsterdam urban
area, 61% of the agents are placed in the below 40 category and 39% of the agents are placed in the
above 40 category (BOMA, 2016). Since older people are less negatively influence by crowding than
younger people, moderating values to the general crowding norm are introduced. For the age variable,
these moderating values are derived from Jacobsen et al. (2019). The agents in the age category above
40 are given a multiplying factor 0.8. Lowering the value for agents that care about crowding less than
other agents lowers the probability of eventually perceiving a crowded situation as negative. Agents
in the age category below 40, thus more sensitive to crowding, are given a multiplying factor of 1.2
(Jacobsen et al., 2019). The difficulty here resides in the fact that crowding and the subjective nature
of the phenomenon have not been thoroughly investigated in this type of research. The vast majority
of articles on evaluating crowding are based on Likert-scale type quantitative research.

Ethnicity has a moderating influence on perceived crowding too. The size and evaluation of personal
space vary throughout different parts of the world. People with an Asian background tend to be less
susceptible to crowding, due to cultural differences in social use level. Also, people with an Asian
background have smaller personal space boundaries than people with non-Asian background
(Chattaraj, Seyfried & Chakroborty, 2009; Neuts & Nijkamp, 2012). In the Amsterdam urban region,
visitors can be categorized into Asian and non-Asian groups of agents, and distribution of agents in
these two groups are respectively 11.3% and 88.7% (Gemeente Amsterdam, 2018). Due to the
aggregation of some groups, the ‘Asian’ category also comprises of the BRIC countries, meaning that
next to the obvious inclusion of China and India, Brazil and Russia are included in this group too. The
size of personal space is for modelling purposes kept the same for all agents, but since the evaluation
of personal space varies throughout different countries, its moderating effect is expressed in a
multiplier value. For the ethnicity variable, these moderating value are derived from Chattaraj, Seyfried
and Chakroborty (2009). The Asian group, with a lower probability of evaluating crowded situations or
intrusions of personal space as negative, receives a multiplying factor of 0.7. The Non-Asian category
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is assigned a multiplying factor of 1.3, simulating the opposite effect (Chattaraj, Seyfried &
Chakroborty, 2009). An overview of the moderators can be found in table 3.3.

Table 3.3: The variables age and ethnicity and their moderating effect on the crowding norm

Variable Description Value Source

Above 40 Multiplying factor to 0.8 Jacobsen et al., 2019
crowding norm

Below 40 Multiplying factor to 1.2 Jacobsen et al., 2019
crowding norm

Non-Asian Multiplying factor to 1.3 Chattaraj, Seyfried &
crowding norm Chakroborty, 2009

Asian Multiplying factor to 0.7 Chattaraj, Seyfried &
crowding norm Chakroborty, 2009

Behaviour

Every agent is equipped with a set of behavioural preferences and actions when encountering others.
These behavioural preferences and actions are designed specifically to avoid intrusions of personal
space. This model includes the concept of motion. Agents mode of transportation in the model is
walking, and the speed of walking is not expressed in a uniform value. When encountering a pedestrian
that has a lower walking speed, the agent reduces its walking speed by subtracting 0.5 meter per
seconds of its own walking speed. Adjusted walking speed is a method of avoiding a collision with other
people or obstacles, by allowing preceding pedestrians to gain advantage (Maeda et al., 2009). This
method is only deployed by an agent if another agent is within its field of vision, inside the 1.20-meter
personal space zone. When there is no longer an instance of personal space intrusion, the agent picks
up its original pace.

Another method of avoiding a collision, is by adjusting walking direction (Maeda et al., 2009). Adjusting
one’s walking direction is a way of implementing social force. As explained in the literature review,
social force assumes that pedestrians are subject to certain forces. Every pedestrian attempts to move
towards a certain target, but wields a repulsive distance when encountering these forces like other
pedestrians (Dias et al., 2018). A distance in which obstacles such as pedestrians are severely avoided
is added to the model and implemented at 0.8 meters (Von Sivers & Koster, 2015). This means that if
an obstacle is encountered at a distance of 80 centimeters, the pedestrian updates his target by moving
away from the obstacle, while simultaneously being pulled towards the original target. When no
obstacle is encountered in the specified distance, the agents picks up the shortest route towards the
original target.

Within the most frequently undertaken activities by tourists in Amsterdam, are walking through the
city center and shopping, respectively done by 88% and 50% of the visitors (BOMA, 2016). Agents in
the model walking towards a target that is in line with either of those two activities. The objectives of
the agents are thus visiting a shop to do some window-shopping, or walk through the street to reach
the end of the street. The agent’s target is defined by the objective, and agents have 1 objective at a
time. If the objective is achieved, the agents either exits the model or a new objective is assigned. The
model area is, next to some alleys intersecting the street, enclosed by stores at the two sides of the
street. In figure 3.3, this is displayed by the blue lines (stores) and the black points (exits). When the
agent has the objective to window-shop, a store to visit is assigned randomly to the agent. When the
agent has reached the store, its objective is updated to either visiting another store with a one-third
probability of happening, or to reach the end of the street. The agents walking direction is determined
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according to the shortest path towards their target, only diverting from using the shortest path when
an obstacle is encountered.

Environment

In this study, the network is modelled after a shopping street. The street is entered by the agents
through the north and south entrance of the network. The network is 100 meter in length and 16 meter
in width. The east and west side of the street are covered by stores, for the agents to perform window-
shopping on. Included in the model are five alleys, located on different points on the east and west
side. These alleys offer agents the way of exiting the network, if their evaluating of crowding makes
them want to. Figure 3.3 show the network and the part of the Kalverstraat after which it’s modelled.
The network in this study is for modelling purposes undone from bends, and the street width is leveled
out.

Figure 3.4 illustrates the relation between the basic model entities. This model consist of agents (i.e.
the tourist pedestrians) and a network (i.e. the street through which they move). The street is a
confined space, meaning it only has limited space to offer to the pedestrians. The relation between
the model entities are simple, and the complexity of this study resides in the agents mutual interaction.

Moves through

Strest
(pedesirian) " {network)

Tourist

.

A b,

[ Offers space to

Avoids

Figure 3.4: Relation between basic model entities

3.4 Model implementation

3.4.1 Software selection

For the development of an agent-based model, the GAMA modelling platform is used. In comparison
to other platforms, such as NetLogo and Repast, GAMA aims to overcome the requirements of a high
proficiency in for instance Java programming by offering its users tools for developing complex models
through a properly thought out integration of programming, visualization and geographic data
management (Grignard et al., 2013). GAMA provides an integrated developing environment through
the GAma Modelling Language (GAML), which allows its users to build models fast and easily. Version
1.8 continuous built with the ‘Pedestrian’ plugin is used specifically for creating the simulation model
for assessing carrying capacity. The pedestrian plugin allows a smooth integration of the Social Force
Model, which is a critical concept when studying pedestrian dynamic. This plugin is designed for the
continuous built version of GAMA.

3.4.2 Process overview

In Figure 3.5 the main simulation process is illustrated. The agent enters the model area through the
main street entrance (north or south entrance). The probability of entering through either side of the
street is 50%, in order to simulate a realistic use of the street. The assumption is made that visitors of
the model area are distributed equally over the north and south entrance of the street considering
both the purpose of the street (shopping) and its location in the bigger city region, which is between
multiple tourist sites. Time steps of 1 second are used to express in time, simulate pedestrian
movement and calculate intrusion time of agents’ personal space. Agents walk the street towards the
target that is in line with their objective (window-shopping or passage). If the agent’s encounters a
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situation where its personal space is intruded, its walking speed is reduced. This method of avoiding
obstacles is deployed when another agent is within 1.20 meters’ reach. When an agent is within 0.80
meters’ reach, an agent is considered to be too close, and updating the walking direction is deployed
as a method of avoiding others. After keeping its original track but with a reduced speed, or after
returning to the original walking trajectory after avoiding an obstacle, walking the street towards the
target is continued. If the agent has reached the shop that was set as objective, the target is updated
to the opposite entrance of the street where the agent was spawned. The agent continues walking the
street towards the exit. Another target update occurs when a situation is marked as too crowded by
an agent. The time that an agents’ personal space is intruded is counted, and when an agent has
reached more than 10 seconds of personal space intrusions. 10 seconds of intrusion time marks the
agents’ tolerance being reached, and the probability of leaving street early (the crowding norm) is
requested. If the probability of leaving the street is found to be true, the agents’ target is updated by
looking for the nearest street exit and leaving the street through that exit. If the probability of leaving
is found to be false, the target is not updated and the agent walks towards the main street exit. Figure
3.5is colour coded. The red blocks describe the beginning and end of an agent’s time inside the model.
The green block describes the agent’s movement, and the blue blocks describe agent’s decision
process regarding personal space intrusions.
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Figure 3.5: Main simulation process

3.4.3 Spawning, number of agents and duration

Agents are spawned evenly over the north and south entrance of the street, and are spawned at either
the top left moving south or bottom right moving north segment of the street. This is to ensure that
pedestrians stick to the right side of the road, as is common in the Netherlands (Lewis et al., 2020). If
the objective is to use the street for walking and reaching the other side, the target is set on the same
segment of the road that the agent is spawned on, again to ensure sticking to the right side of the road.
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Visiting a store on the other side of the street, or using an exit on the other side of the street due to it
being the nearest exit, overwrites to tendency to stick to the right side of the road.

The Kalverstraat is known to attract many visitors. Estimates and counts of passerby’s done by
commercial companies mention numbers as high as between 50.000 and 70.000 on an average
Saturday, and up to passing 100.000 in the days before Christmas (AT5, 2017). Opening hours of the
shops in the Kalverstraat range between 10:00 and 19:00. To determine the amount of pedestrians in
the model, a consideration has to made between the number of agents that are spawned in the model
and the amount of time that is represented in the model. For both runtime and computations
purposes, it is unfavorable to perform high density model runs for a full day. Both visitors and hours
are scaled down. An estimate is made regarding the spread of visitors over the day. This can be seen
in table 3.4. These numbers are based on information from the municipality of Amsterdam (2016), but
attenuated, because the model area does not comprise the whole Kalverstraat. As mentioned,
modelling a full day would require too much computational power and time, so the model runtime is
adjusted to two hours. Itis assumed that visitor numbers increase as the day continues, so the majority
of the visitors enter in the afternoon.

Figure 3.6 shows counts of passerby’s in one week. The Kalverstraat has the highest number of people
walking through, counting 5 milion in one week (Gemeente Amsterdam, 2016). Adding the numbers
of the left graph of figure 3.6, the Kalverstraat has a 36% share in the total of passerby’s. In this study,

an average busy day is calculated regarding the number of visitors in the Kalverstraat. This is done by
taking the 36% share of the Kalverstraat of visitor numbers, devided by the 9 hours of store opening
hours. This means, that on the average day, around 3520 visitors per hour visit the Kalverstraat. This
number is rounded to 3600 visitors, meaning that every second, 1 agent is spawned in the model.

Aantal passanten in winkelstraten centrum
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Figure 3.6: Number of passerby’s in Amsterdam shopping streets (Gemeente Amsterdam, 2016)

This model represents 2 hours, meaning 2 * 3600 = 7200 seconds (cycles). To have the possibility of
adding variation in the spawning rate, every 900 cycles (or 15 minutes) a new spawning rate will be
established. Table 3.4 shows the spawning rate per 15 minutes. From here on, the spawning rate in
table 3.4 will also be known as the default setting or default scenario. For now, it is assumed that
pedestrians enter the street in an even manner, but this spawning scheme allows for scenarios to be
implemented at a later stage. The previous section discussed that in an average day, approximately
3600 agents walk through the street each hour. As this study aims to expose pedestrian dynamics in
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crowded situations, this number of agents being spawned is doubled. This will lead to a more crowded
situation in which agents have to find a way to keep an empty personal space, while still being in line
with realistic visitor numbers.

Table 3.4: Model duration and number of agents spawned per quarter

time
Minutes 15 30 45 60 75 90 105 120
Nr of agents 1800 1800 1800 1800 1800 1800 1800 1800

per quarter

3.4.5 Moderated crowding norm

The crowding norm and its moderating variables have been covered in previous section of this study.
In this paragraph, the calculation of the complete crowding norm as the probability to leave the model
area prematurely is described. Upon entering the model, every agent starts with the same probability
value of evaluating crowding negatively. This value is 0.183 (Neuts & Nijkamp, 2012). The moderating
variable age and ethnicity, which are distributed among the agents in accordance to the visitor profiles
of the Amsterdam urban tourists, are used as a multiplying effect to this standard crowding norm. The
final crowding norm, from here on called the moderated crowding norm, is expressed as the following
formula:

Moderated crowding norm
= Guassian distribution (Crowding norm, Standard deviation) *

Moderating age variable * Moderating ethnicity variable

A Gaussian distribution is a statistical distribution where instances are spread normally, according to a
mean value (0.183), and a standard deviation (0.1). The Gaussian distribution is often used in
probability theory. Considering the insufficient theoretical and empirical foundation of tourist
crowding simulations in front country (urban) regions, itis a suitable method of establishing a statistical
distribution among the agents in the model.

3.4.6 Walking to target

Agents have the ability to walk, meaning that they can move in a space while finding their way on a
virtual network. This is done, as briefly mentioned before, by following the shortest path to the given
target. Agents apply their walking speed to get to this target, and when no more target update is
possible, they exit the model. The target is determined by the objective that is assigned to the agent
and the objective switches once the agent reached the target’s vicinity. The objective are either using
the street for passage, with no window-shopping involved, or to first perform window-shopping and
then use the street for passage. Figure 3.7 shows a snapshot of the model. Agents in green have the
objective to use the network for passage. Agents in red have the objective to use the street for window-
shopping. Once the target store has been reached, the objective is updated to using the street just for
passage, the agent turns green, and the objective is reaching the other side of the network. The store
an agents wants to visit is determined as a point, placed randomly on either two sides of stores
surrounding the east and west side of the street. Agents walk the shortest path towards this store, and
when they are within a 1-meter reach, the agents’ objective is updated.
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Figure 3.7: Overview of the GAMA dashboard, zoomed in on the network. Green agents walk towards the end of
the street, agents in red are walking towards a store for window-shopping. Agents in black use their adjusted
walking speed

3.4.7 Pedestrian encounters

Simultaneously, agents encounter each other. Throughout achieving their objective, and with every
new model cycle, the possibility can occur that an agent feels that its personal space is intruded by
another agent. While on global level, the social force model is implemented to ensure that agents
desirably respect each other’s personal space, one agents’ diversion of its walking path to avoid a
personal space intrusion can mean that this agent diverts into another agent’s personal space. It is also
merely a coefficient to take each other into account, it is not a hard physical rule that agents are
rebounded by obstacles, such as other agents. Intrusions of personal space therefor inevitably occur
when encountering others in a busy shopping street. While walking towards the declared target is their
primary goal, personal space intrusions are noted and seconds of intrusion time are counted, up until
an agents’ individual intrusion time passed the 10 seconds boundary. As mentioned, this resembles
approximately 10% of walking time through the model area, which is assumed a sufficient amount of
time to experience a situation as too crowded and move on to determining what an agent’s evaluation
of this crowding is. Additionally, 10 seconds appears to be a proper duration to actually experience
crowding. Once crowding is experienced, the feeling does not go away anymore (Popp, 2012). Seconds
intrusion time is subject to the sensitivity analysis in paragraph 5.1, where also 5 and 15 seconds of
intrusion time are examined for their effect on the carrying capacity.

The crowding norm that is given to each agent, multiplied by the different moderating variables, leads
to the moderated crowding norm (paragraph 3.4.5). This norm is the probability of evaluating a
situation as negative, and is only called upon when the number of intrusion seconds is exceeded. If the
moderated crowding norm is found to be true in the next situation where an agents’ personal space is
intruded, the agent will want to leave and starts looking for the nearest street exit and updates its
target to this exit. Figure 3.8 shows the walking scheme of an agent, how an agent behaves when
encountering others and which target to walk to according to either their objective or to their decision
to leave the street.



3.4.8 GAMA social force Plugin

Social force is said to be implemented through a change in walking speed or a change in walking
direction. Change in walking speed is mentioned in section 3.3.3. A change in walking direction, is
covered by the plugin. The obstacle consideration distance is set at 0.8 meters instead of the 1.20
meters as determined as personal space by Hall (1966), in order to give the agent the possibility to first
deploy the reduction of walking speed as an avoidance strategy instead of detouring right away. The
obstacles to be considered are other pedestrians, and the probability to either detour or halt for a brief
moment is 50%. The overlapping coefficient, which determines the desire not to overlap, is kept at the
default setting of 0.5 as determined by the modelling program. Table 3.5 gives an overview of the key
social force parameters and their settings, as offered by the plugin.

Table 3.5: Key parameters of the Social Force Model

Variable Description Value Source

Obstacle consideration distance Intensity of reaction 0.8 meters Von Sivers &
to obstacles Koster, 2015

Obstacle species The list of species People GAMA, 2020

that are considered
as obstacles

Probability to detour The probability to 50% GAMA, 2020
accept to do a detour

Overlapping coefficient Coefficient for the 0.5 GAMA, 2020
tendency to avoid
overlapping
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4. Model verification and validation

4.1 Verification

Verification of the model ensures that the model works in the way that it is designed (Pizzitutti et al.,
2014). Model verification is an iterative process that starts the at the same time as the model
development phase, ensuring that every new line or segment is tested and works as is intended.
Through the development phase of this model, model verification has taken place through visual
verification and by following specific agents and checking whether the rules and behavioural
characteristics are implemented correctly. Visual verification is performed by looking at the
interactions between agents, do agents visit a shop and do agents move to one of the exits it they want
to. Checking whether rules and behaviour are implemented correctly is performed by checking agent’s
attributes and global environment attributes. Regarding the environment attributes for instance, are
the specified numbers of agents added to the model area with every new cycle, is the concept of time
implemented correctly? Agents’ attributes are checked as well. When encountering another agent, is
the walking speed adjusted? Additionally, if another agent comes too close, is their presence noted by
the agent? If an agents’ personal space is intruded, are the seconds of intrusion time counted correctly,
and do the variables such as ‘is intruded’ and ‘want to leave’ switch from no to yes at the right time?

4.1.1 Agents spawning

According to table 3.4, 2 agents spawn with every new tick for the first 900 model seconds. As can be
visually verified in figure 4.1, as well as checked by monitoring global model attributes, 2 new agents
spawn every tick. Furthermore, the distribution of agents among the top left and bottom right entrance
of the model area can be considered relatively even.

Figure 4.1: Visual verification of agents spawning rate and location

4.1.2 Walking to target: window-shopping, walking the street and exiting early
Window-shopping
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The first objective is window-shopping, and the target related to this objective is assigned to the agent
as explained in paragraph 3.3.3 In the figure below (figure 4.2), an agent is highlighted that is visiting
a storefront on the right hand side of the street (panel 1 and 2). As can be seen in the ‘window-
shopping’ box, it is set on ‘true’, meaning that the agent is on its way to visit a shop. In panel 3 and 4,
the agent has reached its target shop, is within the shops 1-meter vicinity, and the window-shopping
box is set to false, meaning that the agent no longer has the desire to visit a shop. The yellow colour
of the window-shopping box indicates a recent change. The colour blue for a highlighted agent and the
yellow colour surround a variable are used hereafter for these purposes. The grey quarter circle
indicates agent’s field of vision, as explained in paragraph 3.3.3. Additionally, the field of vision

indicates the direction of the agent.

é 2

windows
True

hopping

windows i
False

hopping

Figure 4.2: Agent visiting a store before walking to the main entrance of the street

Walking the street

The figure below (figure 4.3) shows the model in an advanced state, as can be seen by the bidirectional
stream of agents. The agents marked by the red oval show pedestrians moving towards the end of the
street, as can be noticed by their relative perpendicular stance towards the end of the street. These

agents use the street for passing through.
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Figure 4.3: Agents using the street just for passage, marked by the red oval
Exiting early

Agents that have experienced high levels of crowding and evaluated these experiences as negative,
decide to leave the model area through one of the exits. Figure 4.4 shows an agent, moving towards
the black circle on the right side of the street. The grey bar at the bottom shows the agents’ name.
When reaching this alley, the bottom bar turns red and the text ‘dead at step 418’ is added to the
agents’ name, meaning that it is no longer part of the model, and the agent has left the model area
through that point.

& e ¢

| 24 o &

Agent: people881 dead at step 418

Figure 4.4: Agent walking towards the nearest exit and exiting the model

4.1.3 Social force and pedestrian encounters

Adjusted walking speed
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The 40 centimeters buffer space between the outer zone of Hall’'s (1966) personal space and the
beginning of the obstacle repulsion distance is used for adjusting the walking speed instead of
adjusting walking direction. In figure 4.5, a situation in which another agent enters this 40 centimeters
buffer distance is captured. The model turns the agent colour into black if the walking speed is
adjusted. Additionally, the specific agents’ walking attributes are checked to ensure that the agent
actually reduces speed. In the figure below, the top panel shows the agent marked in black with its
walking speed on right. 3 variables are depicted here, its walking speed at that moment, the walking
speed that is originally given to the agent, and the adjust walking speed, which is the original walking
speed deduced by 50 centimeters per second. The walking speed that the agent has at that point, is
the adjusted walking speed. This is because of the agent which is walking in front of him. This agent is,
however, not close enough or inside his personal space enough for it to be considered too close. The
bottom panel, now showing the same agent but highlighted in blue, is undone of agents that are in too
close of a proximity, and the walking speed is set to the original walking speed that was given to the
agent. This can be verified by the yellow colour, indicating a recent change for this parameter.
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Figure 4.5: An agent’s reduced and normal walking speed, as a result of another agent being too close by

Obstacle avoidance

The figure below (figure 4.6) contains 4 panels, in which two agents are too close to each other. What
is considered ‘too close’, is determined in table 3.5. In table 3.5, the variables are mentioned that
guantify the willingness of agents to temporarily change direction and the distance in which obstacles
are taken into account. In the first panel, the two agents indicated by the red oval are in each other’s
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personal space. In the second panel, which is 1 cycle later, the agents have both changed walking
direction, in opposite sides from each other, while still moving towards their target. In panel 3 and 4,
both agents have retaken their original heading using the shortest path to reach their target, but the
agents are not in each other’s space anymore. This figure illustrates the way social force is
implemented in the model, by letting agents being pushed away from each other while simultaneously
being pulled towards their target.

[ 4 [ 4
i | 2

Figure 4.6: 2 Agents exercising social force

4.1.4 Field of vision

The intrusion of personal space is determined by the number of agents’ inside one’s field of vision (i.e.
personal space). The figure below (figure 4.7) shows two panels, the top panel where 1 agent is noticed
inside the central agent’s personal space, and the bottom panel, where 2 agents are noticed inside the
central agent’s personal space. In both panels, intrusion of personal space occurs, and the seconds of
intrusion time are counted. In this specific case, the agent is at an advanced state in the model. It has
encountered previous moments of personal space intrusions (its counter is at 14 seconds). This means
that the agent experiences the situations as a whole as crowded (threshold of intrusion seconds is 10
seconds). However, the agent has not evaluated the crowed situation as negative, since the variable
of wanting to leave remains at false. The probability of this variable switching depends on the
moderated crowding norm and is requested after the 10 second mark of intrusion time.
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Figure 4.7: An agent’s field of vision

4.2 Sensitivity analysis

For the model validation phase of this study, a sensitivity analysis is performed. In a sensitivity analysis,
model uncertainty is assessed by adjusting the parameter that affect the model’s behaviour. In such
an analysis, it is investigated how the overall model responds to these adjustments (Renardy et al.,
2019). The conclusions that can be derived from a sensitivity analysis lead to a higher model reliability
(Corti et al., 2020). To determine the effect of the parameters on the system as a whole, alternative
values are assigned to the parameters. The effect of these alternative values are tested by means of a
‘one-at-a-time analysis’, where all parameters are kept at the default value except one, where the
alternative value is applied. The parameters that are subject to the sensitivity analysis in this study, are
the parameters that influence agents’ decision to leave the street early due to crowding. These are
intrusion time, saturation of personal space, viewing distance, adjusted walking speed and the general
social force variable. The resulting model output is expressed in the output variable early exits,
indicating the number of agents that decided to exit the street early due to crowding.

Table 4.1 shows the parameters, default values and range of assigned new values for the sensitivity
analysis. The default values are the values for the parameters that are applied when not under
investigation. The values in the ‘range’ section are the values that are subject to the analysis.

Table 4.1: Sensitivity analysis parameters and settings

Parameter Default value Range

Intrusion time 10 (5; 10; 15)
Saturation personal space 1 (1;2)

Viewing distance 1,20 (1,00; 1,20; 1,40)
Adjusted walking speed -0,5 (-0,3;-0,5; -0,7)
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The main social force parameter is the distance in which other pedestrians are considered obstacles.
This parameter’s default setting is 0.8 meter, as derived from Von Sivers and Koster (2015). The
alternative value which is tested, is Hall’s (1966) 1.20 meter distance for personal space (table 4.2).
The parameter ‘Obstacle consideration distance’ is tested to determine the impact of the Social Force
plugin on the model’s behaviour.

Table 4.2: Social force parameter and settings to be tested in the sensitivity analysis

Parameter Default value New value
Obstacle consideration distance 0,8 (1,20)

For every value, the model will be run 10 times. Stochasticity is implemented in the model, but not to
such an extent that 100 or more runs are required to determine the validity of the model output The
random input in the model resides in the spawning location of the agents and the decision if and what
store to visit. The stores are supposed to be visited randomly, as every agent has a different motive
for shopping. This motive is not further investigated. The randomness of the spawning location is due
to agents entering a street, which is never according to the same trajectory, as agents (pedestrians)
are physical entities that cannot overlap or be placed inside each other. Chapter 5 offers the results of
the sensitivity analysis, and acts as the general results chapter of this study.
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5. Results

In this chapter, the results from the sensitivity analysis are presented and analyzed. The analysis,
performed as a one-at-a-time analysis, shows the effect of the different parameter values on the
critical output variable early exits. The parameters that are tested, are the intrusion time, the
saturation point of personal space, the viewing distance, the adjusted walking speed and the obstacle
repulsion distance. The results of this analysis are plotted as a function of time, to analyze both the
effect of the parameter as well as its behaviour over time. To minimalize computing time, intervals of
fifteen minutes are used to derive output.

5.1 Intrusion time

Generally, the personal space is meant to be a private space surrounding a central person where no
one else is allowed. In this study, personal space is expressed in terms of that area surrounding a
central person, and intrusions of this area are counted in terms of seconds. A single intrusion doesn’t
directly indicate a crowded situation, as people using a street for both passage and shopping inevitable
intersect each other. 10 seconds is taken as the minimum amount of time that the agent’s personal
space needs to be intruded before determining what the agent’s evaluation is about crowding. This
time is from hereon called ‘intrusion time’. After 10 seconds of intrusion time, the agent determines
what to do with that feeling: leave of stay. To check the effect of this parameter on the model’s
functioning, alternative values for the minimum of intrusion time were set to 5 and 15 seconds. Figure
5.1 shows the effect of the three settings on the absolute number of agents that decided to leave the
model before completing their objective. Obviously, the trend of agents leaving (exiting early) as a
function of time shows a linear trend. The number of agents entering the model is equal over time,
meaning that the number of seconds is the only variable influencing whether agents feel intruded or
not. However, the lower the threshold value for intrusion time is set (blue curve), the steeper the curve
becomes. This output was expected. When lowering the threshold value for intrusion time, more
agents will exceed this threshold, meaning a more agents will have to determine whether they want
to leave or not. The probability of leaving remains the same, only the number of agents requesting this
probability increases immensely. The other way around, if agents don’t feel intruded because of a high
intrusion time threshold, they don’t need to decide on leaving because this stage in the decision
making process is never reached.

Number of agents exiting the street early over time for
3 different thresholds of intrusion time
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Figure 5.1: Number of agents exiting the street early over time for 3 different configurations of intrusion time
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The 2 alternative settings (blue and grey curve) only differ 5 seconds from the default setting, but the
difference in resulting number of agents exiting the street early is quite big comparing the 2 alternative
configurations. To explain this, a graph showing the average of intrusion time (in seconds) needs to be
displayed.

The average time in seconds of personal space intrusions
for 3 different thresholds of intrusion time
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Figure 5.2: The average number of seconds that agents' personal spaces are intruded for 3 different
configurations of intrusion time

Figure 5.2 shows the curves of the average seconds of intrusion time for the three different settings.
The average seconds of intrusion time is plotted on the y-axis and the model duration is plotted on the
x-axis. The three curves show a similar trend of smaller peaks in average intrusion time at the start,
alternated by a bigger peak towards the end, ranging over a 1 hour interval. The 5-second curve starts
with a small decrease in average intrusion time, in contrast to the 10 and 15-second curves. All three
curves, however, do not exceed the 5 second average. This is a critical finding in determining the effect
of the three different settings. For any of the three settings, the average of the personal space intrusion
time lies around 4,4/4,5 seconds. When evaluating the 15 second setting, this indicates that only few
agents ever reach that number of intrusion seconds. This would indicate that setting the parameter on
15 seconds for the minimum of intrusion time would be too high. When evaluating the 5 seconds
setting, high numbers of agents exit the model early. The figure tells us that, since the average lies
around 4,4/4,5 seconds, this threshold for intrusion time is reached quite often.

To check the effect of the different values per time interval, the number of agents leaving the street
early is calculated per fifteen minutes (figure 5.3). A cycle-like trend is visible for agents exiting the
street early, where periods of relative fewer agents leaving the street are alternated by periods of
relative higher numbers of early exits. Especially for the 5 second threshold, the overall trend shows
stronger alternations. Additionally, the 5-second line shows a general increase in agents deciding to
leave the model area per quarter. The first 30 minutes of model run time show an increase, after which
the trend starts that is visible in the 10 and 15-second line. According to the same argumentation for
figure 5.2, the overall number of agents exiting the street early per quarter is higher for the 5-second
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value than for the other two. The graphs for the 10 and 15-second threshold are, however, relatively
close by in comparison to the 5-second graph.

Number of agents exiting early per fifteen minutes for the
three thresholds of intrusion time
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Figure 5.3: Number of agents exiting early per fifteen minutes for the three configurations of intrusion time

Considering the default configuration, the alternating periods are in rule spread out over half hours.
There is no specific reasoning as to why these trends would not occur through lower intervals. These
trend-based differences in half hour intervals are slightly visible for the 15-second graph, but this curve
follows a much flatter course than its 5 and 10 second counterparts.

5.2 Saturation of personal space

In Hall’s (1966) specification of personal space, familiarity of people is taken into account when
establishing certain geometric zones around a central person. In this study, familiarity of people is not
taken into account, and a static distance is taken for the personal space for everyone. The results of
the sensitivity analysis for the different sizes of this space are discussed in section 5.3. This section
discusses the results of the number of people that are allowed in one’s personal space, also called the
saturation of one’s personal space. The default saturation is 1 person and the general boundary for
personal space is 1.20 meters. As feeling crowded is in literature also described as a limitation in the
freedom of movement, 2 persons as saturation point of one’s personal space is investigated as well.

As turns out, the early exit output variable used for checking the effect of the different settings is
unsuitable for testing the effect of the saturation point of 2 persons. In all of the individual runs, zero
agents left the street prematurely. Out of the 14400 spawned agents, zero agents reached the 10-
seconds intrusion time for 2 persons as saturation point. Thus, no agent actually reached the point of
deciding on leaving. This output variable became subsequently useless as a measure of investigating
the effect of this setting. In the figure below, the y-axis contains average intrusion seconds instead.
The blue line in the figure depicts the average intrusion seconds when a personal space is intruded by
1 other agent. The orange line illustrates the average intrusion seconds for 2 other agents inside one’s
personal space. A similar trend-like motion is distinguishable when comparing figure 5.4 with the
graphs from figure 5.3, where periods of higher intrusion time are alternated by periods of lower
intrusion time. This trend, albeit small, is also visible when analyzing the graph representing the
saturation of personal space for 2 agents.
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Average seconds of intrusion time per agent in seconds
for 1 and 2 agents inside a personal space
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Figure 5.4: Average intrusion time per agent in seconds for 1 and 2 agents inside a personal space

When taking a closer look at the model settings behind the orange graph, the non-appearance of early
exits, the low alternation in average intrusion seconds as well as the low number of average intrusion
seconds can be explained. The tolerance for feeling intruded is quite high in comparison to the default.
Especially when considering that the number of agents spawned in the model is not portraying an
extremely crowded situation but more averagely busy day, 2 other agents inside the 1.20-meter
personal space generally doesn’t occur. Some situations occur where there are 2 other agents inside
one’s personal space, but when considering that the default for intrusion seconds is set at 10 seconds,
the decision of wanting to exit the street early is never reached. Additionally, the model is set up in
such a way that every instance of a personal space intrusion is dealt with by directly walking away from
the other or decreasing walking speed to increase distance between them and the predecessor. It
seems that the combination of saturation point of 2 other agents and 10 seconds of intrusion time are
too high.

5.3 Viewing distance

To test the effect of the size of the personal space zone, 20 centimeter is added and distracted from
the default value. Viewing distance and personal space are the same in this model, as the viewing
distance allows agents to notice others at a certain distance (i.e. intrusion of its personal space). The
size of the viewing distance means that other agents are noticed either earlier or later by a pedestrian,
thus influencing the time in which crowding can be experienced. The more an agent notices others,
the earlier it might feel intruded and decide to leave. Figure 5.5 displays the number of agents exiting
the street early, calculated per fifteen minute interval. In comparison to the orange curve, depicting
the default value, both the alternative curves show a similar trend. The number of agents exiting early
shows bigger alternations for the 1.40 setting than for the 1.00-meter setting. It is remarkable, the vast
difference 20 centimeters makes on the total number of agents exiting the street early. The 1.40-meter
setting seemingly results in 3 times as much agents exiting the street prematurely. Additionally, the
trend-like motion of exiting early is spread out over a longer time period, in contrast to the other
settings. The grey curve depicting the 1.40- meter setting has some ‘jumpy’ characteristics to it, looking
less gradual and making it seemingly less reliable as a suitable value to the parameter. Perhaps this is
due to the following: when increasing the viewing distance, agents can be noticed at a point farther
away. That doesn’t necessarily mean that the agents are crossing each other. Agents can almost
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accidentally be caught in each other’s viewing distance, thus being considered an intrusion of personal
space, while not crossing paths. Intrusions of personal space and the subsequent ways of dealing with
them leads to agents not being able to fulfill their objective. The 1.40-meter viewing distance appears
to be too big to check whether an agent is hindered by others in completing their goal in the street, or
if another agent happens to just walk by at a farther distance. The current model does not differentiate
between those two forms of pedestrian encounters, so this setting seems unsuitable to assess
crowding. The 1.00-meter setting appears to be too small. Considering that the model simulates an
average crowded situation, agents generally not walk past each other at a 1 meter distance. The blue
curve remains flat throughout the 2 hours, with small alternations in exiting numbers. No distinct
trend, however, can be derived from this setting, and additional research on a small personal space
size and different crowded situations is required. Ultimately, as the 1.20-meter range is derived from
literature, this configuration should be kept at its default setting.

The number of agents exiting per fifteen minute interval
for the 3 configurations of viewing distance
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Figure 5.5: The number of agents exiting per fifteen minute interval for the 3 configurations of viewing distance

5.4 Adjusted Walking Speed

When analyzing the results of different walking speed configurations, the same trend is visible that has
been seen in some configurations so far (figure 5.6). The deduction of 0.3 and 0.5 m/s have a similar
starting point, after which the 0.5 m/s deduction continues growing. It additionally shows bigger
alternations, whereas the 0.3 m/s deduction lingers at 27 agents exiting the model per quarter. The
deduction of 0.7 m/s led to an overall increase of agents deciding to exit the street early. This can mean
that a deduction of 0.7 m/s is too big of an adjustment, leading to congestion instead of ensuring a
continuous walking flow. The general walking speed is a distance between 0.8 and 1.35 m/s, meaning
that for the agents that already had a slower pace, deducing their pace with 0.7 m/s tends to almost
stopping entirely. This can then result in new personal space intrusions for the agents walking behind
them. This disrupts the concept of consciously lowering one’s pace to have a faster agent ‘walk out’ of
someone’s personal space. The adjusted walking speed of minus 0.7 m/s leads to such a disruption of
the continuous walking pace of the agents that there is an overall increase of agents leaving the street
early comparing early quarter results with late quarter results. For the 0.3 m/s and 0.5 m/s settings,
an overall increase over time is visible too, but less explicit.
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Agents exiting the street early for 3 different adjusted
walking speed configurations
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Figure 5.6: Agents exiting the street early for 3 different adjusted walking speed configurations

The figure below (figure 5.7) shows the average intrusion time for the three different settings. The grey
curve representing the deduction of 0.7 m/s shows a higher average intrusion time, thus proving the
idea that when increasing the adjusted walking speed (i.e. a slower walking pace), the general
walkability of the street decreases. The grey curve does not follow the trend that is visible throughout
previous settings and shows alternating half-hour periods of in- and decreases of average intrusion
time. The blue curve representing the -0.3 m/s configuration also breaks with this trend, but has a
similar average intrusion seconds as the default setting. A configuration allowing for certain
pedestrians to reduce their pace while simultaneously maintaining the general walking flow of the
street appears to be the most suitable.

The average seconds of intrusion time for 3 different
adjusted walking speed configurations

4,9
4.8
4,7 \
4,6
4,5
4.4
43
4,2
4,1

Seconds of intrusion time

39
15 30 45 60 75 90 105 120

Minutes

e=@==-0.3 m/s ==@=-0.5m/s -0.7m/s

Figure 5.7: The average number of intrusion time for 3 different adjusted walking speed configurations
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5.5 Obstacle repulsion distance

The default setting for the obstacle repulsion distance is 0.8 meter (von Sivers & Koster), and the
alternative setting is set at the same distance as the personal space zone, 1.20 meters. Figure 5.8 shows
the two configurations. An overall increase of agents deciding to exit the street early is visible for the
alternative setting. A steep increase in the first half hour is followed by a much slower increase. Only
after the first hour is passed, the number of agents exiting the street early stops increasing per quarter.
The decrease after the 1 hour mark appears the have the same pace as the period between quarter 2
and quarter 4 and after the seventh quarter, the number of agents exiting starts growing again. It
appears that the alternative configuration follows the similar trend-like behaviour, only spanning over
a longer period of time. Further research might elaborate on the model behaviour of this setting. The
difference in the curves is interesting however. As the four previous parameters have the same values
ins the two configurations here, the differences in output are solely caused by a bigger repulsion
distance. The extra 40 centimeters have repulsion distance to take into account appears to be make
all agents detour in such a manner that they continuously hinder other agents in their path, while
seeking an empty personal space for their own. It should not be forgotten that the model network is a
relatively small confined area, meaning that they can only circumnavigate to a small extent and finding
a place where no personal space intrusions occur is often unrealistic. Additionally, as the obstacle
repulsion distance for the alternative configuration is set at 1.20, the avoidance strategy supersedes
the strategy to first have agents adjust their walking speed, resulting in a higher number of agents
detouring, leading to more personal space intrusions and ultimately to more agents exiting early.

The effect of 2 obstacle repulsion distances on the
number of agents exiting the street
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Figure 5.8: The effect of 2 obstacle repulsion distance settings on the number of agents exiting the street

5.6 Conclusion

This chapter analyzed the results from the sensitivity analysis. Default and alternative configurations
were determined on the grounds of being derived from literature or being in relation to the
environmental aspects of the area to be modelled, such as the size of the street. Seemingly small
differences in some of the settings have shown to be of critical impact when determining their
suitability for assessing crowding and carrying capacity. Regarding the tolerance of personal space
intrusions in terms of seconds intruded, the optimal setting appears to be somewhat around the
default value. As the average of intrusion time fluctuates around the 4.5, 5 seconds of intrusion time
as a threshold value is reached too quickly. 15 intrusion seconds as a threshold value on the other hand

46



makes feeling intruded too unique. For the saturation of personal space, allowing 2 agents in one’s
space theoretically complies with allowing certain people inside one’s personal space, but it showed
unsuitable in this study. First and foremost because familiarity is not added in the model, so there is
no distinction possible of who is allowed in what space zone. Secondly, as a result of considering every
other agent as an obstacle, 2 agents inside one’s space hardly occurs under averagely busy crowded
conditions. Chosen is to consider a single agent as an intrusion of personal space. For the viewing
distance, the results varied greatly. Interestingly enough, a viewing distance of 1.00 meter lead to
almost five times less agents exiting the street early in comparison to the default 1.20 meter, whereas
the 1.40 meter viewing distance tripled the number of agents exiting the model early. Beforehand, it
was assumed that these numbers would not show such diverging characteristics. Presumably, the
configuration with the 1.40 meter viewing distance takes into account agents that are accidentally
considered to be too close, as they now fall into the area that is used for the central agent to notice
others but still be too far away for the central agent to apply its social force mechanisms. According to
the same reasoning, before an agent enters the 1.00 meter consideration zone, social force
mechanisms have already been put into play. As the 1.20 meter zone is derived from literature, this
setting will remain the same. Regarding the adjusted walking speed, any deduction of pace seems
sufficient as long as it doesn’t lead to congestion of the general walking flow. For both the default
setting and the 0.3 m/s deduction, this does not seem to be the case. The 0.7 m/s configuration causes
an increase in both agents exiting early as well as average intrusion time, indicating that this
configuration leads to congestion. As the default setting allows for agents to alter their pace while
simultaneously allowing a general walking flow, this configuration will be used. The general
implementation of social force has an interesting effect on the output. Two settings are tested, the
general repulsive distance of 0.8 meter, as derived from literature, and the alternative configuration
of 1.20 meter, as a derivative from the personal space zone from Hall (1966). For the four agent-related
parameters, the default settings were applied. The adjustment to the obstacle repulsion variable to
1.20 meter has a great impact on the function of the model as a whole, considering it relates to a
higher number of agents exiting the street early as well as an (apparent) increase in the fluctuate trend
of agents exiting early. Regarding the latter, for this to be actually concluded from the sensitivity
analysis, additional research over a longer runtime duration is required. While theoretically it would
be valid to consider every other (single) agent inside Hall’'s 1.20 meter personal space as an object,
setting 1.20 meter as a new default value would make its role in the functioning of the model too big,
overshadowing parameters such as adjusted walking speed. Taking 0.8 meter as lower limit gives an
agent the possibility to first, in the spare 40 centimeters, reduce their pace as a method of
implementing social force instead of directly updating its direction. An interesting result from nearly
every configuration is that over time, there is an increase in agents that have exited the model early
per quarter.
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6. Scenarios

In the previous chapter, different settings for the parameters were tested to determine their effect on
the systems output. Section 5.6 concluded whether the default settings resulted in reliable outputs or
if, based on the results of the sensitivity analysis, new default values should be applied. In the following
chapter, two scenarios are implemented to check the model behaviour under different conditions.
These scenarios are extreme crowding and different moderating values. Section 6.1 elaborates on the
scenario settings, among which are the agents’ spawning rate, the number of people partaking in a
shopping activity in contrast to using the street for passage and alternative moderating values. Section
6.2 discusses the outcomes of the two scenarios.

6.1 Scenario settings

Scenario 1: Saturday before Christmas

The Saturday before Christmas is known as the busiest shopping day of the year. In the Kalverstraat,
more than 100.000 people are expected to make an appearance (RMC, 2017). In 2013, the Kalverstraat
was closed down temporarily, due to extreme visitor numbers. Scenario 1 simulates such a Saturday
afternoon to investigate the models behaviour under unique but realistic crowding circumstances.

Agent spawn rate

Table 6.1 shows the numbers of agents spawning per quarter, as derived from the municipality of
Amsterdam and by the RMC, as displayed in media. Per quarter, 4 agents will be spawned every
second, meaning 3600 agents enter the street each fifteen minutes. The model simulates 2 hours,
taking place in the afternoon, when shopping streets are expected to be busiest.

Table 6.1: Model duration and number of agents spawned per quarter

time
Minutes 15 30 45 60 75 90 105 120
Nr of agents 3600 3600 3600 3600 3600 3600 3600 3600

Percentage window-shopping

In the default model settings, 80% of the agents partakes in window-shopping activities, and the
remaining 20% of the agents use the street for passage. In scenario 1, the percentage agents partaking
in window-shopping activities is set to 95%, and the remaining 5% of agents use the street for passage.
In the days before a major holiday, general shopping behaviour of people is assumed to be higher than
normal. Additionally, entering an extremely busy shopping street is presumably only done if necessary,
and passing for leisure or merely for passage is kept to a minimum if there are other options (e.g.
parallel street or alternative routes).

Scenario 2: A different view on moderators

After feeling intruded, the moderated crowding norm determines whether an agents exits the street
early or not. This moderated crowding norm is the mean crowding norm multiplied by the moderating
variables age and ethnicity, given to the agents upon initialization. The moderating variables are
derived from literature, but the values are generally not so static. Even though the values only
determine the range in which an agent is probable to exit early, the higher the values, the bigger the
chance of an agent deciding to exit early. This scenario tests a variety of different moderating value
combinations, in order to determine its effect on the probability of an agent deciding to leave. Table
6.2 shows the different values that are investigated in this scenario. These values are adjusted
according to their assumptive effect on perceived crowding, as mentioned in section 2.5. People with
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an Asian background are generally less negatively affected by crowded situations. People with a non-
Asian background are slightly more affected by crowded situations. In scenario 2, the moderating
values are adjusted accordingly. Agents in the Asian group are assigned lower moderating values in
relation to the default value, due to them being less negatively affected. Agents in the non-Asian group
are assigned higher values in relation to the default value. In this scenario, the values regarding age
are adjusted according to the same principle. Older people tend to have a higher tolerance on crowded
situations than younger people, as younger people are more fond of their personal space. The group
of agents in the above 40 group are assigned lower moderating values in comparison to the default
value for this category, agents in the below 40 group are assigned higher values than its default. In the
table below, values depicted in bold indicate the default value for that moderating variable.

Table 6.2: Moderating variables and their test settings (as derived from Chattaraj, Seyried & Chakroborty, 2009;
Jacobsen et al., 2019). Values in bold are the default values

Asian Non-Asian Above 40 Below 40
0.4 1.2 1.3 0.3
0.6 1.4 1.5 0.5
0.8 1.6 1.7 0.7

The default model settings are used to examine this scenario. This means the model is simulating an
average crowded situation, such as described in table 3.4. Additionally, the default window-shopping
rate of 80% is applied.

6.2 Scenario results

Scenario 1: Saturday before Christmas

In scenario 1, the effect of visitor numbers is under investigation. The agent spawning rate in this
scenario is in line with the busiest day of the year. With such high numbers of agents active in the
model, and continuously spawning every cycle, the computer runtime increased extensively.
Additionally, with a 95% window-shopping rate, agents continuously crossed paths resulting in a lot of
detour, also taking up quite some computational power.

A similar visualization method of the results of this scenario is applied as was done for the sensitivity
analysis, meaning quarterly measures of average agent intrusion time, the total number of intrusion
seconds and the number of agents exiting early. The cumulative numbers of agents exiting the street
early were calculated to establish the number of agents leaving per quarter instead of showing
absolute numbers. In comparison to the default setting, the number of agents leaving the street early
in scenario 1 grew linear too. Obviously, the total leaving rate is much higher for scenario 1, due to the
double amount of agents walking the street. Subsequently, the average intrusion seconds is far above
the 10 seconds threshold, having higher numbers of agents determining whether they want to leave
or not. Figure 6.1 shows both curves depicting the total trend of agents leaving the street early.
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Absolute number of agents exiting the street early for the
default configuration and scenario 1
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Figure 6.1: Total numbers of agents exiting the street early for the default configuration and scenario 1

Regarding the agent spawn rate, twice as many agents were spawned in scenario 1 than in comparison
to the default settings (respectively table 6.1 and table 3.4). When comparing the blue and orange
curve, however, the increase in agents exiting early increased massively. Around the 8000 agents
exited the model early in Scenario 1 after 2 hours in comparison to around 250 for the default setting,
indicating an increase of approximately 32 times. Interestingly enough, as can be observed in the figure
above, the path of the blue curve increases steadily with roughly 1000 agents per quarter. This could
mean that even though vast numbers of agents use the street and are walking in each other’s personal
space, there is still a general walking flow. Another reason, as can be perceived in the figure below
(figure 6.2), is that there are physical limitations for leaving the model. In figure 6.2, the two top right
exits show serious congestion problems, making it impossible for agents to exit the street. This might
lead to a distortion in the total leaving number. Agents wanting to leave is the result of having their
personal space intruded for at least 10 seconds. Agents moving north generally walk on the right side
of the street, and the double congestion in figure 6.2 occurring only at the right side of the street leads
to a sudden increase of intrusion seconds. Walking through these instances of congestion could easily
ensure many agents too surpass the 10 second threshold, making them decide on whether to stay or
not. The resulting number of agents wanting to leave due to these local congestions have little to do
with the actual crowding of the street. This problem exposes a modelling flaw, which in further
research should be overcome. Agents pick the exit closest to them once they decided to leave. If the
motive for leaving is experienced crowding, it doesn’t make sense to stand in line for the nearest exit.
In future modelling endeavors, agents should pick the nearest, least crowded exit. Especially for the
upper right exit this is an awkward problem, as the main entrance, which does not shows excessive
congestion at all, is fairly close by.
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Figure 6.2: Screenshot of the network showing congestion at the two top right exits

The figure below (figure 6.3) shows the effect of the crowding conditions simulated in scenario 1 and
the default configuration. Where in the average crowded situation (orange curve), an equilibrium-like
state was reached of average personal space intrusions in terms of seconds, the effect of extreme
visitor numbers (blue curve) on this parameter turns out to be somewhat disruptive. The blue curve in
figure 6.3, representing the average of intrusion time seconds measured in scenario 1, shows
alternating in- and decreases of this variable, having only quarter 5 and 6 diverting from this trend.
Obviously, the higher number of intrusion seconds is due to twice as many agents in the same confined
space. Regarding the curve behaviour, it can be assumed that next to the high number of agents
wanting to leave anyway, periods of higher intrusion time are followed by an increase of agents
leaving, resulting in fewer agents in the street, thus more free space available for walking, resulting in
a temporary decrease of intrusion time and thus a decrease in the number of agents wanting to leave
extra. An overall decrease of agents leaving is not occurring, as the general average intrusion seconds
is never under the 15 seconds.
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Figure 6.3: The average number of intrusion time for the default configuration and scenario 1

Figure 6.4 shows the cumulative number of agents exiting the street early. The same van be observed
in this figure as was noticed in figure 6.1: a steady increase of roughly 1000 agents exit the street each
quarter, with the exception of the first quarter. It appears that for the configuration of scenario 1, a
critical point is reached. After a steep increase to the half hour mark, the growth is suddenly cut off,
followed by a nearly stable curve of around 1000 agents leaving per quarter. This is around 28% of the
agents spawned in the same time span (1000 out of the 3600). After the half hour mark, the curve
behaves according to trend as seen before, albeit only just. This seemingly upper limit of early exits
might be due to the congestion that is occurring around the exits, where agents want to leave but
aren’t able.

Number of agents exiting early per quarter in scenario 1
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Figure 6.4: Number of agents exiting early per quarter in scenario 1

Once local congestion occurs, it is difficult for the situation to gradually resolve. As every agent behaves
according to its Social Force mechanisms, there will not be any ‘waiting in line’ or other self-organizing
methods of exiting the street as soon as possible. This particular type of behaviour is not implemented
in the model. Instead, agents that are part of the congestion will continuously update their walking
direction as their personal spaces are continuously intruded because of the many agents looking for a
place in a confined area (the exit). This makes for a chaotic congestion impossible to naturally resolve,
ultimately leading to a bigger congestion.

Scenario 2: A different view on moderators

In scenario 2, the perception of personal space is investigated. This perception is defined according to
the moderated crowding norm, and if requested, determines the probability of an agent exiting the
street early or not. As mentioned in previous sections, the variables age and ethnicity have a
moderating effect on the mean crowding norm. These moderators, which are adapted from Chattaraj,
Seyried and Chakroborty (2009) and Jacobsen et al., (2019), are adjusted to determine the effect on
critical output variable of exiting the street early. The adjusted values are described in table 6.2.

The method of visualizing the results of Scenario 2 is different than in previous result sections. The
reason for this is that the results are derived differently. The results for scenario 2 are not meant to
show in-model agent behaviour, but the effect of the moderating variables on the critical output
variable of early exits. The batch result function in the GAMA modelling software allows for a set of
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model runs, where all possible value combinations for the moderators are tested. Retrieving results
this way allows for comparison between the model runs and their settings.

Table 6.3 shows some of the value combinations, categorized in specific settings. The default setting is
marked in yellow. The full table of combinations can be seen in appendix 1. The default configuration
assumes a slightly moderated setting, as is discussed in literature (Chattaraj, Seyfried & Chakroborty,
2009; Jacobsen et al., 2019), where the effect of the parameters on the mean crowding norm is only
just. The effect is an early exit rate of roughly 1.5% of all agents.

Table 6.3: Settings for the moderatos and their effect on the percentage of agents exiting the street early

M Above 40 Below40 Non Asian Asian Avg Intrusion time  Perc_exit

Extreme 0.4 1.6 1.7 0.3 5,058064516 2,02469136
Age extreme 0.4 1.6 1.3 0.7 4,342657343 1,81920745
Ethnicity extreme 0.8 1.2 1.7 0.3 4,375 2,24322799
Default 0.8 1.2 1.3 0.7 4,380952381 1,55897291
All high 0.8 1.6 1.7 0.7 4,260869565  2,2627943
All low 0.4 1.2 1.3 0.3 4,549295775  1,3119842

In the table, marked as green, the combination of outlying values is displayed. This combination shows
a more extreme form of moderation, where the differences in the moderated crowding norm are
presumably bigger. The percentage of early exits is higher than for the default setting, but only just.
The two settings marked in orange show a combination of half extreme and half moderation for the
two parameters. The ‘age extreme’ setting has adopted the outlying values for the age parameter,
while keeping the default values for ethnicity. The ‘ethnicity extreme’ setting has adopted the outlying
values for the ethnicity parameter, while keeping the default values for age. When comparing the two
values for percentage early exits of the two orange settings with the percentage early exits for the
green setting, one notices that the early exit percentages of all three settings are fairly close.

When comparing the relative differences of the percentages early exits in table 6.3, the difference are
quite high. Especially between the ‘age extreme’ and the ‘ethnicity extreme’, the effect on the critical
output variable is remarkable. The ‘ethnicity extreme’ variable is fairly close to the highest measured
output variable. Perhaps this is caused by the spread of the agents for the different moderators. As
was explained in section 3.3.3 the moderating value is assigned according to the distribution of that
moderator in the Amsterdam urban region. With 88.7% of the agents being Non-Asian, a higher
multiplier for this group of agents can lead to a higher percentage of agents exiting early. Another test
for determining whether the different settings have any effect on the percentage early exits, is testing
the parameters at the ‘highest’ and ‘lowest’ value combinations. These two settings are named ‘all
high’ and ‘all low’ and are marked in grey in the table above. The outputs are considerably differentin
relation to the differences in other value combinations. The all high setting shows an early exit rate of
2,26% in comparison to the 1,31% for the all low setting. The use of moderating variables appears to
have somewhat of an influence in the assessment of carrying capacity.

The results depicted in table 6.3 are only a few of all the combinations. For this scenario, all value
combinations from table 6.2 were tested, meaning that the total table in appendix 1 consists of
3*3*3*3 = 81 different configurations. Considering that the other 79 configurations all have values
between the all low and all high configurations, the question arises how strong the idea of moderating
parameters in relation to perceived crowding is.
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An influence that is presumably stronger than personal preferences, is crowding expectation. While
not included in this study, it is expected to have a critical effect on the carrying capacity of an area.
According to Machleit, Eroglu and Mantel (2000), negative emotions and stress occur if high levels of
crowding are unexpected and if the individual has a low tolerance. The tolerance part of this statement
is accounted for in this study, but the expectation part is not. Especially in crowded situations with
people having different objectives, expectation can have a moderating effect on the perceived
crowding (Blut & lyer, 2019). Future agent-based simulation endeavors on the topic of carrying
capacity and crowding should go deeper into effect of expectation.
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7. Conclusion

The aim of this study was to develop a framework and a simulation model that provides insight into
the effect visitors have on the carrying capacity in Amsterdam. In this chapter, the study will be
concluded by firstly answering the five research questions and secondly, by elaborating on the main
research objective. The conclusions of this study will be presented for each research question.

RQ1: What is carrying capacity and what are its indicators?

In many different fields of study, carrying capacity is used as a concept to illustrate that there is no
such things as limitless growth without a system suffering from structural damage. Different authors
have come up with alternative definitions for carrying capacity and ways of assessing it, making it a
challenge to compress the various definitions in order to apply it in an agent-based simulation. All
definitions, however, contain two aspects. The first aspect is a bio-physical component. This relates to
an implicit threshold value of a recourse that if exceeded, deterioration as a result of over-exploitation
will occur. The second aspect is a behavioural component, relating to the experience causing the
exploitation. Crowding is generally associated with situations where an individual perceives that the
carrying capacity of an area is exceeded, resulting in some form of displeasure. As agent-based
simulations uses autonomous agents (e.g. individuals) to check for possible emergence, crowding was
used as defining principle of carrying capacity in this study. Moreover, crowding uses the same two
aspects of carrying capacity. It relates firstly to others in a direct vicinity of a central person, and the
number of others exceeding the threshold of how many are allowed in that direct vicinity. Secondly, it
relates to the experience this provokes. Once carrying capacity is exceeded, the demand for space has
overgrown the supply of it. In crowding phenomena, this translates to any situation where an
individuals’ encounter with another individual results in a higher demand of space. The indicators of
crowding are in this study expressed in terms of personal space, ethnicity and age. An additional
indicator, which is fixed, relates to place. In this study, this was the physical layout of a street, limiting
the demand of space.

RQ2: How can these indicators be formalized into a scheme applicable to agent-based modelling ?

The formalization of crowding and its indicators was the next operation in this study. Some of the
indicators required to assess crowding were quite obvious. One of these was the implementation of
personal space as a way of assessing crowding, by checking how frequently this space was intruded.
Some of the indicators remained uncertain such as the effect of moderators (age and ethnicity), and
the effect different moderator configurations had on the model. Another uncertainty resided in the
guestion how many seconds of personal space intrusion should be the threshold in order to determine
when crowding occurs (and carrying capacity is reached). All indicators were tested in the results
chapter and the scenarios chapter. In order to measure the effect of different indicators and settings,
an output variable was determined to express crowding. This output variable was the number of agents
that decided to exit the street early, because of the agents’ experienced crowding and subsequent
attitude towards crowding. In this study, the objectives were set as window-shopping or using the
street for mere passage. Instances of diverting from achieving one’s objective, such as decreasing
walking speed or walking around a fellow pedestrian, were categorized as an intrusion of personal
space. Intrusions of personal space led to the inability to achieve one’s objective. Agent-based
modelling was considered a suitable method in determining crowding, as crowding is experienced on
an individual scale.

RQ3: What are the spatiotemporal characteristics of the case study area in relation to the carrying
capacity indicators?
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The spatiotemporal characteristics of the case study area turned out to be critical in the assessment of
carrying capacity. Not only is the free space that every pedestrian is trying to obtain for themselves
limited by the physical boundaries of the street, commercial and tourist related areas inherently have
to deal with varying terms of crowding. Scenario 1 uncovered a key bottleneck in the research area. A
‘Saturday before Christmas’ situation was simulated by having large numbers of pedestrians making
use of the (limited) street space. This resulted in congestion, as too many pedestrians chose to exit the
street early due to them feeling crowded. The number of agents exiting the street quickly rose to 1000
after which the curve instantly stagnated and lingered at around a 1000 agents exiting per fifteen
minutes. Agents stuck to the exit they wanted to leave through, being unable to physically reach that
exit because of them constantly diverting from others as to not have their personal space intruded. By
now it is obvious that the limitation of physical space is pressing strongly on peoples’ ability in achieving
their objective, when visitor numbers increase heavily. Any other day, however, the model behaves
properly, and congestion-like instances are not observed either visually or by interpreting the output.
This means that at least the temporal characteristics of the area for which the carrying capacity is being
assessed is of critical importance. For the spatial characteristics, this is assumed to be the same. As
agents are limited by the confined space they move in, a bigger space also means more walking space.
Different study areas were, however, not tested in this study. There is a critical limitation in expressing
carrying capacity as just a numerical number, and this is the results of the spatiotemporal context of
any specific study area. As also confirmed in literature, part of perceiving any situation as crowded, is
expectation. Excluded in this model, but seemingly of significant importance, is the expectation of a
street being busy. This makes people either not visiting the street in the first place, or adjusting their
tolerance of what they are going to expect. As scenario 2 shows some limited influences of the different
personal moderators on the percentage of people exiting the street early (roughly 0.95% over a range
of 81 different settings), additional studies need to be performed on moderating variables. Especially
expectation as a moderating variable can be of critical influence (Blut & lyer, 2019). With expectation
being added into the model, however, the street will not become any less packed with visitors. It is the
author’s assumption, however, that with expectation as moderator, the model will behave more
naturally and carrying capacity will obtain the dynamic character that is underlined by some studies.

RQ4: How is carrying capacity influenced?

The results chapter discusses the influencing factors of carrying capacity. The indicators regarding the
size and the saturation of personal space showed the most extreme results. Adding 20 centimeters to
the personal space size led to an extreme increase in agents exiting the street prematurely, whereas
decreasing the personal space size with 20 centimeters did not show a comparably lower number of
agents exiting. It is a powerful indicator, with a big effect on the carrying capacity, but the functioning
of the indicator should be investigated more. Perhaps the moderating effects of age and ethnicity
should be implemented in the personal space size instead of as a multiplier to the crowding norm,
allowing different sizes of personal space to be present in the model. Allowing more agents inside
one’s personal space, as some form of adding familiarity, also proved to be a powerful indicator, but
not in the current interplay of all indicators. The different indicators all have a certain effect on the
number of agents exiting the street early, but the different indicators are part of the model as a system,
not individual entities. Adjusting one indicator, as is done for the sensitivity analysis, can thus have
considerable effect on the output variable. For the saturation of personal space, adding only one extra
pedestrian to the tolerance level of personal space led to a dysfunctioning model, where zero agents
decided to exit the street early. The number of people that are allowed in ones’ personal space
seemingly correlates with the size of personal space. The combination of these two indicators appear
to have a high potential of determining carrying capacity, but need to be investigated further. Less
dominant factors for determining carrying capacity is the adjustment of walking speed, where even
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though differences in output was observed, it appeared to have little effect. Further research on the
collaboration of the indicators and the dynamic character of carrying capacity is advised.

RQ5: To what extent is the model representative to simulate the carrying capacity of a destination
according to pedestrian presence?

This model contributes to the exploration of carrying capacity by means of agent-based modelling. It
focusses on letting each individual agent achieve its objective (window-shopping or using the street
for passage) and determines whether an agent has the feeling its crowded or not based on its personal
space beingintruded. For a model, which is a simplification of a real world system, this shows promising
results. Unfortunately, comparing the output variable early exits with real world numbers on counts
of passerby’s in the Kalverstraat was not possible. Communication efforts to retrieve actual data on
this manner remained unanswered from the municipality of Amsterdam (see chapter 8). Even though
contact was established, the correct data to calibrate the model was never sent. By calibrating the
model in such a manner that the number of pedestrians exiting the street early would align with real
world data, stronger conclusions could be made on the functioning of the model.

Carrying capacity can be related directly to crowding, which is a result of pedestrian dynamics.
Pedestrian dynamics are extremely suitable to study by means of agent-based simulation. The
simulation on pedestrian dynamics (including the avoidance strategies) seems to have a high degree
of face validity. The behavioural preferences that reside in carrying capacity (i.e. crowding norms,
personal space sizes and moderators), however, cannot be called valid with the same level of
confidence. The model’s input data was derived from literature and municipal documents. The model’s
output, however, was never tested by means of expert validation. Additionally, calibration to tweak
the model output didn’t take place. This limits the ability to call the model a representative simulation
of carrying capacity of a destination according to pedestrian presence and model validity can only be
partially awarded.

To conclude, this study was set out to achieve the main research objective:

To determine the carrying capacity at street level in Amsterdam by firstly defining carrying capacity
and its indicators and secondly simulating the interactions of visitors in relation to the spatiotemporal
characteristics of the research area.

This objective was achieved to such an extent that the model can be used for simulating crowding in
front-country (urban) areas. This model has proven to be a functioning system in checking the effect
of carrying capacity indicators, and to what extent the model functions if these indicators are adjusted.
Simulating behaviour, however, will always be a difficult endeavor. Walking preferences and crowding
perception are eminently concepts operating on a psychological level, and are difficult to capture in a
model. While this study is a first step in linking carrying capacity to individuals and simulating their
interaction, future research should be aware of this.
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8. Discussion

In this final chapter, the limitations and recommendations of this research will be discussed. While this
study has shown interesting results in the assessment of carrying capacity by means of agent-based
modelling, there are some topics that need to be discussed.

To start with, the supposed dynamic character of carrying capacity was not implemented properly. It
is mentioned multiple times that carrying capacity is no static concept. Its definition is dynamic as well
as the way of assessing it, both in a general understanding of the concept as in a tourist specific context
(Chung 2009; Shi, Wang & Yin, 2013; Koens, Postma & Papp, 2018). The implementation of the concept
in this study, however, still appears to be rather static. It is assumed that space and time influence
carrying capacity (Saveriades, 2000), and the spatiotemporal aspect of carrying capacity was tested in
scenario 1. Scenario 1 proved that the number of people as a result of a specific moment in time affects
the carrying capacity, but this scenario was specifically designed for that. The underlying dynamic
character of carrying capacity was failed to be implemented directly into the model, for instance
through another critical crowding indicator: expectation (Blut & lyer, 2019). Expectation as a
moderating effect on the perception of crowding would have made the use of carrying capacity in this
study more worthy of its definition. Knowing what to expect in terms of visitor numbers influences
either peoples’ tolerance levels or has people not visiting at all. This would have contributed to the
models’ validity, and the current outcomes as a result of missing an expectation variable should be
analyzed critically. To continue on this model being too static, the moderators of the crowding norm
and the crowding norm itself are missing a dynamic touch. To start with the crowding norm, as derived
from (Neuts & Nijkamp, 2012), the percentage of agents that evaluated a crowded environment as
negative was taken as norm in this study. While their study displayed a similar situation as this study
(tourists in front country urban areas), evaluations of certain situations are highly time and location
specific, and such results can hardly be applied in other situations as normative behaviour. The
uncertainty that is involved with applying such values is inevitable. Extensive, cohort-like studies
exemplifying crowding among tourists in Amsterdam shopping streets would fit this study better, but
this information does not exist. Applying results from a different study with different time and location
specific characteristics as a normative input to perception leads to the results being a bit uncertain.
The same applies to the moderating effects of age and ethnicity, which are implemented statically.
Derived from Chattaraj, Seyried and Chakroborty (2009) and Jacobsen et al. (2019), the use of these
variables as moderating effect on the perception of crowding makes perfect sense. They have also
been empirically proven to differ between groups of people. In hindsight, however, it would have made
more sense to link the evaluation of a crowded situation to the personal space of the agents. In the
current model, these are two separate entities operating in a sequential manner (the moderated
crowding norm is only applied if the agent’s personal space is intruded more than 10 times), whereas
the model would be more realistic (thus representative) if these two entities are active simultaneously.
In future studies, this could be investigated along the lines of different sizes of personal space
according to the crowding norm.

A critical note has to be made regarding the personal space or viewing distance of the agents. In the
model, the viewing distance had the same extent as what is considered personal space by Hall (1966)
and agents only noticed other agents if they were within this viewing distance. While this is the correct
way of determining intrusions of personal space, it leaves out the ability for agents to experience
crowding on a bigger scale. Literature affirms that crowding is experienced at anindividual level (Neuts,
Nijkamp & Van Leeuwen, 2012), so again the effort of expressing carrying capacity into individual
instances of crowding makes sense. In reality, however, people’s viewing distance is much bigger, and
noticing other people, subsequently perceiving an area as crowded, occurs outside the viewing
distance as well. | assume that pedestrians make routing choices based on a bigger viewing range than
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just the 1.20 meter range applied in this study. This noticing of agents of agents at a farther distance,
subsequently altering their behaviour, can be linked to the previous remark on expectation as a missing
variable. Adding a bigger viewing distance for a pedestrian to determine its walking choices would have
added to the complexity of carrying capacity.

In this study, the number or percentage of agents exiting early was used as variable to assess the effect
of the model. Some of the models’ assumptions discussed the walking preferences of the agents,
ultimately influencing the early exit variable. These assumptions included agents exercising social
force, agents only walking towards their objective, and perceived crowding as a result of agents having
to perform avoiding strategies. These assumptions were implemented into the model, but perhaps the
assumptions were defined too broadly. Let’s take a closer look at agents walking towards their
objective, for instance. In the current situation, the agents use a Pythagorean path of visiting a store
before exiting the street, resulting in a less realistic use of the street. The shortest way is now
determined when the objective is set, meaning either upon initialization or when the objective is
changed from store to exiting the street. In the real world, people do not use the shortest direct path
towards a store from the point of entering the street, but presumably the path with the least resistance
from obstacles. This leads to much less hindering of others, influencing the output variable early exits.
It seems that if the assumptions would have been formulated sharper, this could have been foreseen.
The walking trajectory as mentioned before is not investigated in this study, but it can be assumed to
have a large impact on early exit variable. This shows us that formulating model assumptions influence
the model design and output. The current path agents use to reach their objective is not wrong, but if
the model assumptions would have been investigated critically at an earlier stage, the model would
have portrayed a more realistic situation.

It is unfortunate that the overall functioning of the model was not tested compared with real world
data. Efforts made to retrieve data from the Amsterdam municipality on passerby’s of the Kalverstraat
and data regarding pedestrians exiting the Kalverstraat early remained unanswered. In the past, the
municipality deployed Bluetooth and wifi-tracking mechanisms for crowd management. Sensors
picked up wifi or Bluetooth signals from people’s phones, counting the number of passerby’s in the
street. For calibration purposes, contact was made with the municipality of Amsterdam to get some of
the data that was stored over time. Specifically, data was requested that counted the number of
pedestrians using the street, and whether there was a difference in people’s phones being captured
by two sensors, indicating they completed passage through the street, or by one sensor, as a possible
indication of people exiting the street through one of the side streets or alleys. Contact with the
municipality on using this data was established, but the data was never received. Checking the model
output with real data would have proven extremely beneficial to this study. In addition to this, expert
validation is a missing feature. An expert has the ability to share insights that the modeler lacks,
resulting in a more representative model.

Regarding the temporal extent of this study, the model’s output exposed some interesting trends in
agents exiting the model early and in intrusion time. As for the trends, especially when investigating
the effect of the obstacle repulsion distance in section 5.5, the 2 model hours that the runtime was
narrowed down to seems too little to find any bigger trends. Increasing the model runtime would
require additional computational resources, which were unavailable in the scope of this research.
Considering that over a 2 hour runtime period, each agent is determining its path to follow while
simultaneously checking its direct neighbourhood whether there is no one in its personal space with
every step, additionally choosing an obstacle repulsion technique while being physically drawn to their
target. Especially when running scenario 1, the actual runtime for a single run can take up one hour.
Trend like behaviour was already distinguishable in 2 model hours, however, increasing the model
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runtime with bigger computational resources would increase the quality of the output. The same
applies for the 15 minute intervals in which output was created. Higher detail of results would increase
the model’s quality and perceptibility of trends, but was deemed insufficient due to the computational
recourses required.

For now, the possibility of formalizing carrying capacity indicators lingers at a level of investigating the
effect an indicator has on a model. Useful conclusions can be derived from this, for instance whether
checking if there is a difference in the maximum of other people allowed in one’s personal space.
However, due to the inability to cross-reference the model output with the real situation, determining
the optimal formalization of an indicator remained unanswered. As a result, this study is a
steppingstone to future research on the assessment of carrying capacity on street level by means of
agent-based modelling. This study contains recommendations for future modelling endeavors.

60



9. References

Altvater. (2005). Aalborg Universitet Globalization and the informalization of the urban space.
Retrieved from
http://www.ihis.aau.dk/development/working papers/dir working papers.html

Antonini, G., Bierlaire, M., & Weber, M. (2004). Discrete choice models of pedestrian behavior. Under
Review for Publication .... Retrieved from http://infoscience.epfl.ch/record/77526

ATS. (2017). Zaterdag eerst dag van de kerstdrukte: ‘100.000 mensen in de Kalverstraat gaan we wel
halen’. Retreived on: 03-04-2020. Retrieved from:
https://www.at5.nl/artikelen/176637/zaterdag-eerste-dag-van-de-kerstdrukte-100000-
mensen-in-kalverstraat-gaan-we-wel-halen

Arrow, K., Bolin, B., Costanza, R., Dasgupta, P., Folke, C., Holling, C. S, ... Pimentel, D. (n.d.). Economic
Growth, Carrying Capacity, and the Environment.

Ashworth, G., & Page, S. J. (2011). Urban tourism research: Recent progress and current paradoxes.
Tourism Management, 32(1), 1-15. https://doi.org/10.1016/j.tourman.2010.02.002

Boma (2016). Bezoekersonderzoek Metropool Amsterdam 2016. Amsterdam Metropolitan Area
visitors survey 2016. Amsterdam Marketing. http://amsterdam-
marketing.instantmagazine.com/kerncijfers-2016/boma-2016-english#!/cover-boma-copy

Bellini, N., & Pasquinelli, C. (2016). Tourism in the city: Towards an integrative agenda on urban
tourism. In Tourism in the City: Towards an Integrative Agenda on Urban Tourism.
https://doi.org/10.1007/978-3-319-26877-4

Bonabeau, E. (2002). Agent-based modeling: Methods and techniques for simulating human systems.
Proceedings of the National Academy of Sciences of the United States of America, 99(SUPPL. 3),
7280-7287. https://doi.org/10.1073/pnas.082080899

Buhaug, H., & Urdal, H. (2013). An urbanization bomb? Population growth and social disorder in cities.
Global Environmental Change, 23(1), 1-10. https://doi.org/10.1016/j.gloenvcha.2012.10.016

Chattaraj, U., Seyfried, A., & Chakroborty, P. (2009). Comparison of Pedestrian Fundamental Diagram
Across Cultures. Retrieved from http://arxiv.org/abs/0903.0149

Chung, J. Y. (2009). Seasonality in tourism. E-Review of Tourism Research, 7(5).

Coccossis, H., & Mexa, A. (2017). The challenge of tourism carrying capacity assessment: Theory and
practice. Routledge.

Corti, A., Chiastra, C., Colombo, M., Garbey, M., Migliavacca, F., & Casarin, S. (2020). A fully coupled
computational fluid dynamics — agent-based model of atherosclerotic plaque development:
Multiscale modeling framework and parameter sensitivity analysis. Computers in Biology and
Medicine, 118. https://doi.org/10.1016/j.compbiomed.2020.103623

Crooks, A. T., & Heppenstall, A. J. (2012). Introduction to agent-based modelling. In Agent-Based
Models of Geographical Systems (pp. 85—105). https://doi.org/10.1007/978-90-481-8927-4 5

61


http://www.ihis.aau.dk/development/working_papers/dir_working_papers.html
http://infoscience.epfl.ch/record/77526
https://www.at5.nl/artikelen/176637/zaterdag-eerste-dag-van-de-kerstdrukte-100000-mensen-in-kalverstraat-gaan-we-wel-halen
https://www.at5.nl/artikelen/176637/zaterdag-eerste-dag-van-de-kerstdrukte-100000-mensen-in-kalverstraat-gaan-we-wel-halen
https://doi.org/10.1016/j.tourman.2010.02.002
http://amsterdam-marketing.instantmagazine.com/kerncijfers-2016/boma-2016-english#!/cover-boma-copy
http://amsterdam-marketing.instantmagazine.com/kerncijfers-2016/boma-2016-english#!/cover-boma-copy
https://doi.org/10.1073/pnas.082080899

Dredge, D., & Jamal, T. (2015). Progress in tourism planning and policy: A post-structural perspective
on knowledge production. Tourism Management, 51, 285-297.
https://doi.org/10.1016/j.tourman.2015.06.002

Duives, D. C., Daamen, W., & Hoogendoorn, S. P. (2015). Quantification of the level of crowdedness
for pedestrian movements. Physica A: Statistical Mechanics and Its Applications, 427, 162-180.
https://doi.org/10.1016/j.physa.2014.11.054

Engelniederhammer, A., Papastefanou, G., & Xiang, L. (2019). Crowding density in urban environment
and its effects on emotional responding of pedestrians: Using wearable device technology with
sensors capturing proximity and psychophysiological emotion responses while walking in the
street. Journal of Human Behavior in the Social Environment.
https://doi.org/10.1080/10911359.2019.1579149

Eroglu, S. A., Machleit, K., & Barr, T. F. (2005). Perceived retail crowding and shopping satisfaction: The
role of shopping wvalues. Journal of Business Research, 58(8), 1146-1153.
https://doi.org/10.1016/]j.jbusres.2004.01.005

Gehl, J.; Svarre, B. (2013). How To Study Public Life. Springer Nature. ISBN 9781610915250.

Gemeente Amsterdam (2016). Amsterdamse thermometer van de Bereikbaarheid.

Gemeente Amsterdam (2018). Amsterdam in cijfers 2018. Onderzoek, Informatie en Statistiek.

Gemeente Amsterdam (2019). Monitor detailhandel 2018. Onderzoek, Informatie en Statistiek.

Gerritsma, R., & Vork, J. (2017). Amsterdam Residents and Their Attitude Towards Tourists and
Tourism. Coactivity: Philosophy, Communication, 25(1), 85-98.
https://doi.org/10.3846/cpc.2017.274

Goss-Custard, J. D., Stillman, R. A., West, A. D., Caldow, R. W. G., & McGrorty, S. (2002). Carrying
capacity in overwintering migratory birds. Biological Conservation, 105(1), 27-41.
https://doi.org/10.1016/5S0006-3207(01)00175-6

Grignard, A., Taillandier, P., Gaudou, B., Vo, D. A., Huynh, N. Q., & Drogoul, A. (2013). GAMA 1.6:
Advancing the art of complex agent-based modeling and simulation. Lecture Notes in Computer
Science (Including Subseries Lecture Notes in Artificial Intelligence and Lecture Notes in
Bioinformatics), 8291 LNAI, 117-131. https://doi.org/10.1007/978-3-642-44927-7 9

Hall, E. T. (1966). The hidden dimension (Vol. 609). Garden City, NY: Doubleday.

Helbing, D., & Molnar, P. (1995). Social force model for pedestrian dynamics.

Hovinen, G. R. (2002). REVISITING THE DESTINATION LIFECYCLE MODEL. In Annals of Tourism Research
(Vol. 29). Retrieved from www.elsevier.com/locate/atoures

Inskeep, E. (1991). Tourism planning: an integrated and sustainable development approach. Van
Nostrand Reinhold.

62


https://doi.org/10.1016/j.tourman.2015.06.002
https://doi.org/10.1016/j.physa.2014.11.054
https://doi.org/10.1080/10911359.2019.1579149
https://doi.org/10.1016/j.jbusres.2004.01.005
http://www.elsevier.com/locate/atoures

Jacobsen, J. K. S., lversen, N. M., & Hem, L. E. (2019). Hotspot crowding and over-tourism: Antecedents
of  destination  attractiveness.  Annals of Tourism  Research, 76, 53-66.
https://doi.org/10.1016/j.annals.2019.02.011

Kadar, B. (2014). Measuring tourist activities in cities using geotagged photography. Tourism
Geographies, 16(1), 88—104. https://doi.org/10.1080/14616688.2013.868029

Kerridge, J., Hine, J., & Wigan, M. (2001). Agent-based modelling of pedestrian movements: The
guestions that need to be asked and answered. Environment and Planning B: Planning and
Design, 28(3), 327—-341. https://doi.org/10.1068/b2696

Koens, K., Postma, A., & Papp, B. (2018). Is overtourism overused? Understanding the impact of
tourism in a city context. Sustainability (Switzerland), 10(12).
https://doi.org/10.3390/s5u10124384

Koh, W. L., & Zhou, S. (2011). Modeling and simulation of pedestrian behaviors in crowded places. ACM
Transactions on Modeling and Computer Simulation, 21(3).
https://doi.org/10.1145/1921598.1921604

Kuentzel, W. F., Heberlein, T. A., Vaske, J., McKinnel, T., Ervin, L., Grossberg, R., ... Van Stappen, J.
(2003). Articles More Visitors, Less Crowding: Change and Stability of Norms Over Time at the
Apostle Islands. In Journal of Leisure Research Copyright (Vol. 35).

Lankford, S. V, & Howard, D. R. (1994). DEVELOPING A TOURISM IMPACT ATTITUDE SCALE. In Annalsof
Tour&n Research (Vol. 21).

Lau, G., & McKercher, B. (2006). Understanding Tourist Movement Patterns in a Destination: A GIS
Approach. Tourism and Hospitality Research, 7(1), 39-49.
https://doi.org/10.1057/palgrave.thr.6050027

Lewis, P., Shaw, D. M., Wild, U., & Erren, T. C. (2020, April 1). (Side) effects of the rule of the road and
neurophysiology on traffic safety: A hypothesis. Environmental Research, Vol. 183.
https://doi.org/10.1016/j.envres.2020.109246

Maeda, K., Uchiyama, A., Umedu, T., Yamaguchi, H., Yasumoto, K., & Higashino, T. (2009). Urban
pedestrian mobility for mobile wireless network simulation. Ad Hoc Networks, 7(1), 153-170.
https://doi.org/10.1016/j.adhoc.2008.01.002

Macal, C. M. (2016). Everything you need to know about agent-based modelling and simulation.
Journal of Simulation, 10(2), 144-156. https://doi.org/10.1057/jos.2016.7

Machleit, K. A., Eroglu, S. A., & Mantel, S. P. (2000). Perceived Retail Crowding and Shopping
Satisfaction: What Modifies This Relationship? In JOURNAL OF CONSUMER PSYCHOLOGY (Vol. 9).

Marsiglio, S. (2017). On the carrying capacity and the optimal number of visitors in tourism
destinations. Tourism Economics, 23(3), 632—646. https://doi.org/10.5367/te.2015.0535

McCool, S. F., & Lime, D. W. (2001). Tourism carrying capacity: Tempting fantasy or useful reality?
Journal of Sustainable Tourism, 9(5), 372—388. https://doi.org/10.1080/09669580108667409

63


https://doi.org/10.1016/j.annals.2019.02.011
https://doi.org/10.3390/su10124384
https://doi.org/10.1145/1921598.1921604
https://doi.org/10.1057/palgrave.thr.6050027
https://doi.org/10.1016/j.envres.2020.109246
https://doi.org/10.1057/jos.2016.7
https://doi.org/10.1080/09669580108667409

Mcintyre, G. (1993). Sustainable tourism development: guide for local planners. World Tourism
Organization (WTO).

Nederlandse Omroep Stichting (NOS), 5 September 2019. Massatoerisme in Barclona: ‘Het leven is hier
erger dan in een dierentuin’. Retrieved on: 18-09-2019. Retrieved from:
https://nos.nl/nieuwsuur/artikel/2300463-massatoerisme-in-barcelona-het-leven-is-hier-erger-
dan-in-een-dierentuin.html

Neuts, B., & Nijkamp, P. (2012). Tourist crowding perception and acceptability in cities. An Applied
Modelling Study on Bruges. Annals of Tourism Research, 39(4), 2133-2153.
https://doi.org/10.1016/j.annals.2012.07.016

Neuts, B., Nijkamp, P., & Van Leeuwen, E. (2012). Crowding Externalities from Tourist Use of Urban
Space. Tourism Economics, 18(3), 649—670. https://doi.org/10.5367/te.2012.0130

Neuts, B., & Vanneste, D. (2018). Contextual Effects on Crowding Perception: An Analysis of Antwerp
and Amsterdam. Tijdschrift Voor Economische En Sociale Geografie, 109(3), 402-419.
https://doi.org/10.1111/tesg.12284

Oh, K., Jeong, Y., Lee, D., Lee, W., & Choi, J. (2005). Determining development density using the Urban
Carrying Capacity Assessment System. Landscape and Urban Planning, 73(1), 1-15.
https://doi.org/10.1016/j.landurbplan.2004.06.002

O’Reilly, A. M. (1986). Tourism carrying capacity. Concept and issues. Tourism Management, 7(4), 254—
258. https://doi.org/10.1016/0261-5177(86)90035-X

Pigram, J. J., & Wahab, S. (2005). Tourism, development and growth: the challenge of sustainability.
Routledge.

Pluchino, Alessandro, Garofalo, Cesare, Inturri, Giuseppe, Rapisarda, Andrea, Matteo, |. (2013).
AGENT-BASED SIMULATION OF PEDESTRIAN BEHAVIOUR IN CLOSED SPACES: A MUSEUM CASE
STUDY Motivation and Overview. Retrieved from
https://arxiv.org/ftp/arxiv/papers/1302/1302.7153.pdf

Pizzitutti, F., Mena, C. F., Walsh, S. J. (2014). Modelling tourism in the Galapagos Islands: An agent-
based model approach. Journal of Artificial Societies and Social Simulation 17(1), 14.

Pons, F., Laroche, M., & Mourali, M. (2006, July). Consumer reactions to crowded retail settings: Cross-
cultural differences between North America and the Middle East. Psychology and Marketing, Vol.
23, pp. 555-572. https://doi.org/10.1002/mar.20146

Rees, W., & Wackernagei, M. (1996). URBAN ECOLOGICAL FOOTPRINTS: WHY CITIES CANNOT BE
SUSTAINABLE AND WHY THEY ARE A KEY TO SUSTAINABILITY Introduction: Transforming Human
Ecology.

Renardy, M., Hult, C., Evans, S., Linderman, J. J.,, & Kirschner, D. E. (2019, September 1). Global

sensitivity analysis of biological multiscale models. Current Opinion in Biomedical Engineering,
Vol. 11, pp. 109-116. https://doi.org/10.1016/j.cobme.2019.09.012

64


https://nos.nl/nieuwsuur/artikel/2300463-massatoerisme-in-barcelona-het-leven-is-hier-
https://doi.org/10.1016/0261-5177(86)90035-X
https://arxiv.org/ftp/arxiv/papers/1302/1302.7153.pdf

Riganti, P., & Nijkamp, P. (2008). Congestion in popular tourist areas: a multi-attribute experimental
choice analysis of willingness-to-wait in Amsterdam The scope of modern tourism. In Tourism
Economics (Vol. 14).

Sakuma, T., Mukai, T., & Kuriyama, S. (2005). Psychological model for animating crowded pedestrians.
Computer Animation and Virtual Worlds, 16(3—4), 343-351. https://doi.org/10.1002/cav.105

Saveriades, A. (2000). Establishing the social tourism carrying capacity for the tourist resorts of the
east coast of the Republic of Cyprus. Tourism Management, 21(2), 147-156.
https://doi.org/10.1016/50261-5177(99)00044-8

Schmidt, D. E., & Keating, J. P. (1979). Human Crowding and Personal Control: An Integration of the
Research. In Psychological Bulletin (Vol. 86).

Seidl, I., Tisdell, C. A., & Tisdell, C. A. (1999). Carrying capacity reconsidered: from Malthus’ population
theory to cultural carrying capacity. In Ecological Economics (Vol. 31). Retrieved from
www.elsevier.com/locate/ecolecon

Shi, Y., Wang, H., & Yin, C. (2013). Evaluation method of urban land population carrying capacity based
on GIS-A case of Shanghai, China. Computers, Environment and Urban Systems, 39, 27-38.
https://doi.org/10.1016/j.compenvurbsys.2013.02.002

Simon, F. J. G., Narangajavana, Y., & Margués, D. P. (2004). Carrying capacity in the tourism industry:
A case study of Hengistbury Head. Tourism Management, 25(2), 275-283.
https://doi.org/10.1016/50261-5177(03)00089-X

Song, M., & Noone, B. M. (2017). The moderating effect of perceived spatial crowding on the
relationship between perceived service encounter pace and customer satisfaction. International
Journal of Hospitality Management, 65, 37-46. https://doi.org/10.1016/].ijhm.2017.06.005

Southworth, M. (2005). Designing the Walkable City. https://doi.org/10.1061/ASCEQ733-
94882005131:4246

Spirou, C. (2003). Urban Tourism and Urban Change. In Tourism Management (Vol. 24).
https://doi.org/10.1016/s0261-5177(03)00012-8

Steffen, B., & Seyfried, A. (2010). Methods for measuring pedestrian density, flow, speed and direction
with minimal scatter. Physica A: Statistical Mechanics and Its Applications, 389(9), 1902-1910.
https://doi.org/10.1016/j.physa.2009.12.015

Stokols, D., Rall, M., Pinner, B., & Schopler, J. (1973). Physical, social and personal determinants on the
perception of crowding. Environment and Behavior, 5.

Stokols, D. (1972). A Social-Psychological Model of Human Crowding Phenomena. Journal of the
American Planning Association, 38(2), 72—83. https://doi.org/10.1080/01944367208977409

Trouw (2019). Als het aantal toeristen uit de hand loopt: overtoerisme. Retrieved on: 26-11-2019.
Retrieved from: https://www.trouw.nl/nieuws/als-het-aantal-toeristen-uit-de-hand-loopt-
overtoerisme~b136fbf2/?referer=https%3A%2F%2Fwww.google.com%2F

65


https://doi.org/10.1002/cav.105
https://doi.org/10.1080/01944367208977409
https://www.trouw.nl/nieuws/als-het-aantal-toeristen-uit-de-hand-loopt-overtoerisme~b136fbf2/?referer=https%3A%2F%2Fwww.google.com%2F
https://www.trouw.nl/nieuws/als-het-aantal-toeristen-uit-de-hand-loopt-overtoerisme~b136fbf2/?referer=https%3A%2F%2Fwww.google.com%2F

Turner, A., & Penn, A. (2002). Encoding natural movement as an agent-based system: An investigation
into human pedestrian behaviour in the built environment. Environment and Planning B: Planning
and Design, 29(4), 473-490. https://doi.org/10.1068/b12850

Ujang, N., & Muslim, Z. (2014). Walkability and Attachment to Tourism Places in the City of Kuala
Lumpur, Malaysia. Retrieved from http://app.kwpkb.gov.my/greaterklkv/entry

Vaske, J. J., & Donnelly, M. P. (2002). Generalizing the encounter - norm - crowding relationship.
Leisure Sciences, 24(3—4), 255—-269. https://doi.org/10.1080/01490400290050718

Vaske, J. J., & Shelby, L. B. (2008). Crowding as a descriptive indicator and an evaluative standard:
Results from 30 years of research. Leisure Sciences, 30(2), 111-126.
https://doi.org/10.1080/01490400701881341

von Sivers, |., & Késter, G. (2015). Dynamic stride length adaptation according to utility and personal
space. Transportation Research Part B: Methodological, 74, 104-117.
https://doi.org/10.1016/j.trb.2015.01.009

Wei, Y., Huang, C., Lam, P. T. I., & Yuan, Z. (2015). Sustainable urban development: A review on urban
carrying capacity assessment. Habitat International, 46, 64-71.
https://doi.org/10.1016/j.habitatint.2014.10.015

Xiang, X., Kennedy, R., & Madey, G. (2005). Verification and Validation of Agent-based Scientific
Simulation Models. Agent-Directed Simulation Conference, 47-55. Retrieved from

http://www.nd.edu/~nom/Papers/ADS019_Xiang.pdf

Zehrer, A., & Raich, F. (2016). The impact of perceived crowding on customer satisfaction. Journal of
Hospitality and Tourism Management, 29, 88-98. https://doi.org/10.1016/j.jhtm.2016.06.007

66



10.Appendices

Appendix A
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