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Abstract

In Today’s built environment, it is common that large numbers of people gather in buildings.
Also evacuations of such large crowds take place frequently all over the world. Standard safety
requirements for buildings cannot always ensure safe evacuation of people in such situations,
and thus, computational evacuation simulations have become a common practice in building
design. The currently available simulation models are able to produce quite realistic movement
and egress flows. However, there has not been much focus on modeling evacuees’ behavior and
decision making, which may significantly affect the outcome of evacuations.

This thesis develops new modeling methods to describe the behavior of pedestrians in
evacuation situations. The developed models are implemented in a state-of-the-art simulation
software that combines evacuation simulation with fire simulation. The models apply game
theory, which is the mathematical framework for describing strategic interaction between
individuals.

A novel game theoretic model for occupants’ exit route selection is proposed. It describes how
evacuees react to the surroundings and other evacuees’ actions when deciding which exit to
use. Another presented model uses spatial game theory to describe pedestrian behavior and
interaction in threatening and congested situations at egress route bottlenecks. The model
shows that reasonable behavior by pedestrians may lead to pushing and slow down the egress
flow. In addition, a new physical approach for modeling pedestrian counterflow is given.

The thesis also gives the results of an experimental study on pedestrian behavior and decision
making in evacuations. It is observed that, even in simple experimental settings, people are
often unable to select the fastest egress route. Another interesting finding is that the
participants’ attempts to cooperate may lead to slower evacuation.

The developed models enable building more realistic tools for evacuation simulation, which
help to better assess the safety of different venues. Also, the game theoretic models improve the
understanding of how crowd-level movement and phenomena emerge from the behavior and
decisions of individual crowd members. The experimental results presented in the thesis
provide new insights into human behavior in evacuation situations. The results of the
experiments can also be used to validate computational simulation models.
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Tiivistelma

Nykyain on yleistd, ettd suuria ihmisméaaria joudutaan evakuoimaan rakennuksista. Pelkka
rakennusmaéairaysten noudattaminen ei aina takaa evakuoinnin turvallisuutta, joten
evakuoinnin tietokonesimulaatiot ovat yleistyneet rakennusten suunnittelussa. Olemassa
olevat simulaatiomallit kuvaavat ihmisjoukkojen liikkumista varsin realistisesti. Sen sijaan
ihmisten kayttaytymisen ja paatoksenteon mallinnus ei ole yhta kehittynytta, huolimatta
nédiden tekijoiden merkittdvasta vaikutuksesta evakuointien lopputuloksiin.

Vaitoskirjassa kehitetddn menetelmia evakuoitavien ihmisten kayttaytymisen ja
paatoksenteon laskennalliseen mallintamiseen. Kehitetyt mallit on toteutettu
simulointiohjelmistossa, joka yhdistda evakuoinnin ja tulipalon simuloinnin. Mallit perustuvat
peliteoriaan, joka on matemaattinen kehikko yksiléiden vilisen strategisen vuorovaikutuksen
mallintamiseen.

Vaitoskirja esittelee uuden menetelmén evakuoitavien poistumisreitin valinnan
kuvaamiseksi. Peliteoreettinen malli kuvaa, kuinka ihmiset reagoivat ympéristo6n ja muiden
ihmisten toimintaan valitessaan poistumisreittia. Toinen esitelty malli kuvaa evakuoitavien
vuorovaikutusta tiiviissd vakijoukoissa ja uhkaavissa tilanteissa soveltaen spatiaalista
peliteoriaa. Malli osoittaa, ettd uhkaavissa olosuhteissa jarkeenkéypéa toiminta voi johtaa
tyontdmiseen, mika aiheuttaa tukoksia ja hidastaa poistumista. Tyossa kehitetddn myos malli
vastakkaissuuntaisten ihmisvirtojen liikkeen kuvaamiseksi.

Vaitoskirjassa esitetddn tuloksia myos kokeellisesta tutkimuksesta, jossa tutkittiin ihmisten
kayttaytymista evakuointitilanteissa. Tuloksista havaitaan, ettd ihmiset eivat usein pysty
valitsemaan nopeinta poistumisreittia yksinkertaisissakaan valintatilanteissa. Toinen
kiinnostava havainto on, ettd evakuoitavien pyrkimys yhteistyohon voi hidastaa poistumista.

Kehitetyt mallit mahdollistavat realistisempien simulaatiomallien rakentamisen ja nain
auttavat turvallisempien rakennusten suunnittelussa. Peliteoreettiset mallit auttavat myos
ymmartaméian yhteytta yksittaisten ihmisten kayttaytymisen ja koko vakijoukon tasolla
havaittujen ilmididen vililla. Esitetyt kokeelliset tulokset lisdavat ymmarrysta ihmisten
kéyttaytymisestd evakuointitilanteissa. Kokeiden tuloksia voidaan myos kédyttaa
laskennallisten simulointimallien validointiin.
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1 Introduction

In today’s society, people living in large cities continuously face situations
where they are a part of a large crowd. Railway stations, subways and
shopping centers are packed with people during rush hours and people
have to adapt to the movement of the others to find their ways. Also mass
events with crowds of tens of thousands of individuals take place con-
stantly all over the world. Such crowds can easily create massive forces if
their movement is not controlled and organized.

Recent history contains many large-scale crowd disasters with large
numbers of casualties and injuries. For example, the crowd disasters in
Mecca during the Hajj pilgrimage in 2006 (Helbing et al., 2007) and in the
Love Parade in Duisburg in 2010 (Helbing and Mukerji, 2012) can be char-
acterized as situations where high densities in extremely large crowds led
to turbulent flows, high pressure, and people falling down and crushing
under the uncontrollable crowd.

Evacuation situations create a different challenge, as the forces created
by the crowd are not the only threat to the individuals. In evacuations,
people need to leave the building or facility quickly due to a spreading
fire, bomb threat, etc. Such threats affect people’s behavior, which in turn
may affect the outcome of the evacuation. In evacuation situations, the
key question is the speed of egress, which is largely affected by crowd
dynamics at egress route bottlenecks. A key finding on the egress speed is
the faster is slower effect (Helbing et al., 2000), which states that a crowd
pushing too hard towards an exit door creates friction forces between the
people that cause clogging and slow down the egress flow. In the Station
Night Club in Rhode Island, USA, in 2001, 100 people died and 230 were
injured in a quickly spreading fire (Grosshandler et al., 2005). One main
reason for the large number of victims was severe clogging at the main
exit of the building that caused people to fall down completely blocking
the exit. Another quite similar disaster occurred in 2009 in the Lame
Horse nightclub in Perm, Russia, where more than 150 people died in a

quickly spreading fire that started from fireworks.



Prof. Keith Still has gathered an extensive list of crowd disasters to his
website, see (Still, 2013). Even though the list is not comprehensive, it
shows that several large scale crowd disasters occur every year. According
to Still, many of the disasters are not caused by misbehavior of the crowd,
but by failures in the design of spaces and the management of events.

Computational crowd simulation models are useful tools for many pur-
poses. Computer simulation enables testing the functioning and safety
of different venues and architectural solutions before they are built and
without involving large numbers of people in real-life evacuation tests.
The models can be used, e.g., to design a railway station in a way that
the movement of pedestrian crowds is as fluent as possible, or to estimate
the time it takes to evacuate a crowded shopping center. Some evacuation
models also enable coupling the egress simulation with the simulation of
a spreading fire and making the simulated pedestrians react to the fire.

The study of pedestrian crowds is an interdisciplinary area, as different
communities focus on different aspects of crowds. Psychologists and socio-
psychologists study pedestrian interaction and decision making mecha-
nisms in threatening conditions. Fire and safety engineers apply the re-
sults and methods to assess the safety of different venues. Physicists
study the phase transitions and self-organization phenomena occurring
in crowds. Biologists are interested in the similarities between pedestrian
crowds and animal swarms. Computer scientists develop simulation mod-
els and apply pattern recognition techniques to study video material of
real crowds. Due to this variety of approaches, the research of the field is
also published on very different forums, creating some challenges in the
interaction of the different communities. However, there are also many
people in the field working across these boundaries.

This dissertation develops new methods for modeling pedestrian crowds
and presents new experimental results on pedestrian decision making.
Paper [I] presents a game theoretic model for evacuees’ exit route se-
lection. The game’s properties are analyzed and it is shown that if the
agents adjust their target exits according to a simple best-response rule,

the strategies converge to the game’s Nash equilibrium. Paper [1I] further



develops the model to consider agents with different behavioral types. Pa-
per [III] presents a new method for modeling pedestrian movement in
counterflow situations. Simulation results with the model are found to
match well with experimental data. Paper [IV] applies spatial game the-
ory to describe pedestrian behavior in congested situations at egress route
bottlenecks. The agents are considered to play a game with their nearest
neigbors, where they select to behave either patiently or impatiently. The
study shows that, under threatening conditions, agents acting according
to reasonable intuitive rules may start pushing towards the exit and cause
increased pressure and jams reducing the flow through the exit. The ex-
perimental study of paper [V] focuses on exit route selection and pedestri-
ans’ ability to cooperate efficiently. The results show that, even in a quite
simple setting, people are not always able to select the fastest exit route.
It was also found that when the participants tried to minimize their in-
dividual egress times the evacuation was faster than when attempting to
cooperate.

The modeling methods used in the dissertation are mainly based on
game theory. Even though it is the mathematical framework for mod-
eling strategic interaction between intelligent agents, game theory has
not been previously very widely used in evacuation modeling. Especially,
this work’s approach to apply game theoretic learning models and spatial
games to pedestrian modeling are new to the field. The principal ideas of
the presented models are not restricted to any specific software or model-
ing framework, and thus, the methods can be applied in any agent-based
pedestrian modeling approach.

This summary article is structured as follows. Section 2 introduces the
relevant theory and results on human behavior in crowds. Section 3 dis-
cusses the modeling methods used for computational crowd simulation.
Section 4 summarizes the contribution of this dissertation. Conclusions

and directions for future research are given in Section 5.



2 Human Behavior in Crowds

When building a simulation model for crowd movement and behavior, the
most important starting points are observations on real people in real
crowds. The thorough reviews by Kuligowski (2008) and Proulx (2001)
go through the different aspects of evacuation behavior. This section will
discuss the aspects of pedestrian behavior that link closely to the topics of
this thesis.

Occupants’ exit route selection is essential for the outcome of evacua-
tions. The prescriptive building codes determine the minimum amount
of exits in each building but in real evacuations only a small part of the
exits may be in active use. Especially people who are not familiar with
the building are likely to attempt to leave the building the same way they
entered it even if other exits would provide a faster way out (Sime, 1985,
Proulx, 2001, Pan, 2006).

It is also a common observation that evacuating people tend to select the
exit where the majority of the others are heading (Helbing et al., 2002,
Pan, 2006, Hostikka et al., 2007b, Rinne et al., 2010). This behavior is
called herding and in addition to pedestrian crowds, herding behavior is
common among animals (e.g., Couzin et al., 2005). Studies by Dyer et al.
(2008, 2009) show that the characteristics of herding are similar between
people and animals.

A common belief about human behavior in evacuations is that occu-
pants will panic. Panic is considered to be irrational behavior, where
people adopt a selfish attitude (Keating, 1982). Despite the term’s pop-
ularity in media, since the 70s social scientists have had a consensus that
panic rarely occurs (Keating, 1982, Sime, 1980, Johnson, 1987, Quaran-
telli, 2002). On the contrary, people appear to apply rational decision
making in relation to their understanding of the situation (Proulx, 2001).

Pedestrian movement and behavior have also been studied with exper-
iments. A popular field of study has been the speed of pedestrian flow
under different circumstances. The relationship between crowd density

and walking speed, called the fundamental diagram, has been studied ex-



tensively (e.g., Seyfried et al., 2005). Also the speed of pedestrian flow
through bottlenecks has been widely studied, e.g., (Daamen and Hoogen-
doorn, 2003, Hoogendoorn and Daamen, 2005, Kretz et al., 2006b, Seyfried
et al., 2009). Gwynne et al. (2009) showed that the flow speed does not
only depend on the width of the exit door but also on the design of the
doorway. Experiments with pedestrian counterflows have been analyzed
by Isobe et al. (2004) and Kretz et al. (2006a).

Somewhat less attention has been given to experimental studies on pedes-
trian decision making. Was (2010) studied the exit selection under dif-
ferent behavioral objectives, cooperative and selfish. Muir and Cobbett
(1995) and McLean et al. (1996) used a quite similar approach as Was,
but also gave monetary rewards to the participants depending on their
performance. Nilsson and Johansson (2009) analyzed evacuation experi-
ments performed in a cinema theatre and studied the social influence, i.e.,
how people are influenced by the actions of the others.

The experiment by Mintz (1951) is seminal. Aluminium cones were put
inside a bottle with strings attached to them. Each participant was given
a string to one cone and only one cone could fit out of the bottle at a time.
The bottle was slowly filled with water and the participants tried to take
the cones out before the water rises. In the experiments the passing of the
bottleneck became uncoordinated and jams occurred even though it was
clear that the participants could not have been in real panic as there was
no danger.

A natural approach to studying pedestrian behavior is to analyze video-
material of actual crowd disasters. The recent developments in computer
vision and pattern recognition have enabled computer based tracking of
the trajectories of individual crowd members (e.g., Helbing et al., 2007, Jo-
hansson, 2009, Ma et al., 2013), which makes video-analysis much more
efficient. In the future, it is expected that automated video analysis will

become more and more important for crowd research.



3 Computational Crowd Modeling

The recent significant improvements in computational power have en-
abled running crowd simulations with very detailed models and large
numbers of agents.

Currently there is a rather wide range of publicly available pedestrian
simulation models. The existing models use very different approaches
to modeling pedestrian movement. Some models simulate the movement
in continuous time and space (e.g., Helbing et al., 2000), while other ap-
proaches use discrete grids where move from one cell to another (e.g.,
Schadschneider et al., 2001). Also coarse network models, where build-
ings are divided into nodes representing rooms, corridors, etc. have been
developed (e.g., Kisko et al., 1998). A thorough review of the approaches of
different models is given by Kuligowski and Peacock (2005) and Kuligowski
et al. (2010). Another comprehensive review is given by Gwynne et al.
(1999b). For a more recent review, see (Radianti et al., 2013). Many of the
models reviewed in these papers are commercial products, and for that
reason, the details of the models’ properties are not usually published.

The social-force model is an agent-based simulation model for crowd dy-
namics that is continuous in both space and time (Helbing and Moln4r,
1995, Helbing et al., 2000, 2005). The model takes into account different
forces that affect each agent and sums them up to calculate a total force,
which then drives the agent’s movement based on Newtonian mechanics.
The forces affecting the agents include contact forces with walls and other
agents, a motive force that describes the agents’ attempt to move towards
their desired direction, and the so-called social force that describes the
tendency to keep some distance to the others.

One of the main advantages in the social force model is that it describes
and calculates the actual forces occurring in crowds. The key reason for
fatal clogging and jams at egress route bottlenecks are the pressure and
friction forces occurring between the occupants. High pressure can also
lead to suffocation, see ,e.g., (Nicholson and Roebuck, 1995). The social

force model calculates these actual forces in the simulations, and thus,



can rather realistically detect the situations that create lethal forces.

Another great benefit of the social force model is that by adjusting the
size and direction of the agents’ individual motive forces, it is possible to
describe all kinds of different behaviors. This enables, e.g., the modeling
of agents changing their target exits, agents pushing forward harder than
the others, and agents trying to follow others.

The original social force model described the agents as circles in a hor-
izontal two-dimensional plane. As a circle is not a very good approxima-
tion of the cross-section of a human body, Thompson and Marchant (1995),
Langston et al. (2006) and Korhonen et al. (2008) modified the model by
describing each agent with three overlapping circles. One larger circle de-
scribes the torso and two smaller circles the shoulders to approximate the
elliptical shape of the cross-section. With this modification, the agents are
no longer symmetrical, and thus, also the rotation movement needs to be
modeled. This means giving each agent an individual rotational equation
of motion in addition to the translational equation of motion. The rota-
tional equation of motion consists of three torques corresponding to the
contact, social and motive forces.

Another widely used approach to pedestrian modeling is based on cel-
lular automata (Blue and Adler, 2001, Kretz and Schreckenberg, 2006,
Schadschneider et al., 2001, Schadschneider, 2001). A general cellular au-
tomaton (CA) is a grid of cells, where each cell can have different states.
Time is discrete and, over time, the states of the cells change according to
some rules. Originally CA was created by John von Neumann, when he
was working on self-replicating systems, see (von Neumann, 1966).

In pedestrian modeling, the common approach is to use two-dimensional
CAs, where each cell corresponds to the size of a human body, approx-
imately 40 cm x 40cm. Each cell can be either empty or occupied by
one agent. On each time step, each agent can either stay in its current
cell or move to an unoccupied neighboring cell. Cellular automata can
have many kinds of different rules to describe the different phenomena in
pedestrian movement. In literature, rules have been used, e.g., to model

pedestrian tendency to follow others (Schadschneider et al., 2001) and the



creation of jams in dense crowds (Kirchner et al., 2003).

The main advantage of CA models compared to the social force model is
fast computing. The discreteness of time and space and the property that
agents usually only observe the states of their neighboring cells enables
very fast computing. Cellular automata have been successfully used in
modeling freeway traffic by Nagel and Schreckenberg (1992).

The main restriction of cellular automata models is that the actual phys-
ical contact forces occurring in dense crowds are not modeled. Hence, the
models have difficulties to accurately reproduce phenomena like clogging

at egress route bottlenecks.

3.1 FDS+Evac

The models of this dissertation are implemented in the FDS+Evac soft-
ware (Hostikka et al., 2007a, Korhonen and Hostikka, 2009).

Fds+Evac is an egress calculation module that is designed to work on
the platform of the fire simulation software Fire Dynamics Simulator
(FDS) (McGrattan et al., 2009a,b,c,d, McGrattan, 2009). FDS simulates
fire in buildings by computing the temperature, density, pressure, veloc-
ity and chemical composition of fire gases in a fine grid. In addition FDS
computes temperature and various other quantities of the solid surfaces
of the simulated building.

Coupling the evacuation simulation with fire simulation has many ben-
efits. It enables the egress program to use the simulation results of FDS,
like gas temperature, smoke, and radiation levels to affect the behavior of
the evacuating agents. It is also possible to calculate the doses of many
lethal and harmful fire products inhaled by the agents.

FDS+Evac uses the effective flow-calculation algorithms of FDS to cal-
culate egress routes through different exits in arbitrary building geome-
tries. A vector field leading to the exits is obtained by solving a potential
flow problem, where the exit door acts as a fan extracting fluid out of the
building (Korhonen et al., 2005). The routes created like this will not be
the shortest routes but close to it. The egress modeling of FDS+Evac is

based on the social force model that was described above. Setting the



agents’ motive forces to follow the created vector field makes the agents
follow the calculated route to the exit.

FDS+Evac simulations of large crowds are intensive on computing time
and memory consumption. With more than a few thousand agents, the
calculation becomes very CPU expensive. In dense crowds also the simu-

lation time steps have to be very small, which increases computing times.

3.2 Game theoretic learning models

Many of the decisions that evacuating pedestrians face can be formulated
mathematically with game theory. The sub-fields of game theory that are
especially useful in crowd modeling are game theoretic learning (e.g., Fu-
denberg and Levine, 1998) and evolutionary game theory (Maynard Smith,
1982, Weibull, 1995).

Game theory is the mathematical framework for modeling strategic in-
teractions between intelligent agents, see, e.g., (Fudenberg and Tirole,
1991, Osborne and Rubinstein, 1994). Game theory studies the decision
making situations, where the agents’ payoffs do not only depend on their
own decisions but also on the decisions of other agents. The key solu-
tion concept of game theory is Nash Equilibrium, in which the players
choose such strategies that none of them can gain anything by changing
her strategy unilaterally (Nash, 1950).

The traditional game theoretic approach is largely based on the assump-
tion of common knowledge. It means that the players are assumed to
know the other players’ payoff functions and that all players are fully ra-
tional. It is also assumed that the players know that also the other players
know these things. Under these assumptions, each player can calculate
the Nash Equilibrium of a given game.

Game theoretic learning studies the situations, where the common knowl-
edge assumption cannot be made. In learning models, the equilibrium
arises as the outcome of an iterated process in which the agents react to
the actions of the others. One of the first published learning models is
the Cournot duopoly model (Cournot, 1838). It describes how two compet-
ing firms, by turns, adjust their supply by optimally reacting to the other



firm’s actions. The process was found to converge to the equilibrium of the
game. The learning process presented by Cournot is an example of my-
opic best-response dynamics, see, e.g., (Ellison, 1993, Gilboa and Matsui,
1991, Matsui, 1992). The best response dynamics is widely used in the
economics literature (e.g., Hopkins, 1999), but the models have also been
used, e.g., to describe traffic in telecommunication networks (Altman and
Basar, 1998, Korilis and Lazar, 1995). Examples of other widely used
learning models are fictitious play (Fudenberg and Levine, 1998), rein-
forcement learning (Sandholm and Crites, 1996, Roca and Helbing, 2011),
and replicator dynamics (Maynard Smith, 1982, Nowak and May, 1992).

Evolutionary game theory was originated by Maynard-Smith and Price
(1973) to mathematically describe the evolving populations in biology.
Evolutionary game theory focuses on the dynamics of strategies with dif-
ferent learning models. Spatial evolutionary games are an extension of
evolutionary game theory to situations where the agents only interact
with their geographical neighbors. This is the interesting field consid-
ering crowd modeling. The most common learning approach used in spa-
tial games is the replicator dynamics (Nowak and May, 1992, Hauert and
Doebeli, 2004), as it closely mimics biological evolution. Also the best-
response dynamics have been used in the spatial setting (Sysi-Aho et al.,
2005). Rather than biological evolution over generations, the spatial best-
response dynamics can be considered to describe the short term reactions
of intelligent agents to their neighbors’ strategies. In this sense, the best-
response can be considered to be a suitable model for the behavior of
pedestrians in a crowd.

Game theory has been quite rarely applied to evacuation modeling. The
first approach was given by Brown (1965), who explained the emergence
of pushing behavior in egress with game theory by applying the prisoner’s
dilemma game. Coleman (1990) presented an extension to Brown’s model
using iterated prisoner’s dilemma and contingent strategies. Hoogen-
doorn and HL Bovy (2003) applied optimal control and differential games
to calculate walking trajectories for pedestrians. Lo et al. (2006) presented

a game theoretic approach for exit selection. Hao et al. (2011) applied evo-
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lutionary game theory to modeling unidirectional pedestrian flows with
cellular automata. Recently, Shi and Wang (2013) applied the snowdrift

game (hawk-dove game) to modeling pedestrian movement in a grid.

4 The Dissertation

This dissertation studies the behavior of pedestrian crowds by introducing
new modeling methods and experimental findings. Papers [I], [II] and [TV]
apply game theoretic learning models to describe the interactions between
pedestrians in evacuation situations. Paper [III] develops a new modeling
method for pedestrian counterflow situations and Paper [V] presents the
results of an experimental study on pedestrian exit selection.

This Chapter presents the objectives and contributions of the disserta-
tion. Section 4.1 outlines the objectives of the thesis and Sections 4.2 to

4.5 give detailed descriptions of the dissertation’s contributions.

4.1 Research Objectives

This thesis has two main research objectives: 1) to develop new methods
for simulating the behavioral aspects of pedestrian evacuations, and 2)
to enhance the understanding of human behavior in evacuations and the
connection between the behavior of individual crowd members and the
outcome of evacuations. One key objective in model development is to
apply game theory in modeling pedestrian behavior. Game theory is the
mathematic framework for modeling strategic interaction and it has not
been actively applied in the existing literature on crowd modeling. The
main goals of each paper of the thesis are outlined below.

The objective of Paper [I] is to develop a computational model to describe
evacuees’ exit selection. The goal is to apply game theory in the model, as
it gives tools for modeling the behavioral interaction between pedestrians.
The objective is also to base the assumptions of the model on existing
literature and observations on evacuation behavior.

The objective of Paper [II] is to further develop the model of Paper [I]
by taking into account the common observation that different people may

behave very differently in evacuations. The goal is to use simulations to
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study how different behavioral types affect the outcomes of evacuations.

The objective of Paper [III] is to develop a simulation model for describ-
ing situations with multi-directional pedestrian flows, especially counter-
flows. The aim is to build a model that works well in both dense and
sparse crowds and to validate the model with experimental data.

The goal of Paper [IV] is to build a spatial game theoretic model for
describing evacuees’ behavior in congested and threatening situations.
The objective of the paper is not to build a completely realistic model for
egress congestion. Rather, the aim is to study the possible causes for jams
at egress route bottlenecks and to develop better understanding of the
connection between individuals’ behavior and the clogging that occurs on
crowd-level.

Paper [V] has three main objectives: 1) to provide data on exit selection
behavior for validating computational egress models, 2) to study whether
people are able to select the fastest egress route, which is the assumption
of many simulation models, and 3) to test people’s ability to efficiently
cooperate during egress.

The following sections describe the contributions of each paper of the

dissertation. First, Table 1 gives an overview of the papers.

4.2 Exit Route Selection

Paper [I] presents a new game theoretic model for evacuees’ exit route
selection. The exit selection of all agents is formulated as an N-player
normal form game. The goal of the agents is to select the fastest evacu-
ation route. In their decision making, the agents take into account the
distance to the exits and the time it takes to queue in front of the exits.
The queue length in front of different exits depends on the other players’
strategies, which makes this a genuine game model. It is shown that the
presented game has a Nash Equilibrium (NE) in pure strategies and a
necessary and sufficient condition for the uniqueness of the NE is given.
It is also shown that iterative best-response algorithms converge to the
NE in limited time and an upper limit for the required iterations is de-

rived. Simulations with best-response algorithms are run to show that in
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Table 1. The papers

Paper

Context

Methodology

Contribution

(1l

Modeling  evacuees’

exit selection

Game theoretic model-
ing

A novel game theo-
retic model for exit
selection with imple-
mentation to a contin-
uous time simulation
model

[II1 | Modeling evacuees’ Game theoretic model- Extension of the
exit  selection in- ing model of Paper [I]
cluding different to include different
behavioral types agent types

[III1 | Modeling pedestrian Agent-based modeling A novel method for
counterflow modeling intersecting

pedestrian flows with
simulation results fit-
ting well to experi-
mental data

[IV] | Modeling pedestrian Spatial game model- A spatial game model
congestion at egress ing that gives an expla-
route bottlenecks nation for the causes

of clogging at egress
route bottlenecks

[V] | Experimental study Experiment and sta- Results on pedestri-

on pedestrian egress
through two exits

tistical analysis

ans’ exit selection be-
havior and the effect of
attempted cooperation
on egress times

practice the algorithms converge much faster than the theoretical upper

limit.

In Paper [I], the exit selection model is implemented to the FDS+Evac

simulation model, in which the agents move in continuous time and space

based on the social force model. The agents are set to update their strate-

gies frequently throughout the egress based on their best-response func-

tions. The simulation results in a test geometry show that applying the

model makes egress much faster compared to the common approach to

assign each agent to its nearest exit. Figure 1 shows a snapshot of an

FDS+Evac simulation using the exit selection model.

As we will see from the results of Paper [V], real people are not always
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Figure 1. A snapshot of a simulation with FDS+Evac using the exit selection model of
Paper [I]. The red agents have selected the narrow exit on the left and the
green agents head to the wider exit on the right. The figure illustrates how the
agents are able to adapt to different exit capacities when selecting their routes.

able to select the optimal egress route. Hence, it is not realistic to assume
that real people would be able to select the fastest route as well as the
agents in this model. To reflect this fact, an anchoring parameter is added
to the model. As it is likely that people cannot correctly estimate small
differences in estimated evacuation times through different exits, the an-
choring parameter sets a limit for how much faster an alternative exit
has to be for an agent to change its route. Simulations with FDS+Evac
show the expected result that increasing the anchoring parameter leads
to increased evacuation times.

In evacuations, it is normal that people try to leave the building as fast
as possible. Two factors affecting the individuals’ evacuation times are
naturally the distance to the exit and the possible queue in front of the
exit (Gwynne et al., 1999a). Hence, it is a natural assumption that people
try to consider these two factors when assessing the goodness of exits. The
model of Paper [I] also considers the well-known fact that the estimated
evacuation time is not the only factor affecting occupants’ exit selection.
According to Proulx (1993), evacuees prefer familiar egress routes. On the
other hand, fire and smoke may make evacuees reject some routes, and,
as FDS+Evac is connected to the fire simulation model, this can be taken
into account in simulations. The exit selection model first categorizes the

exits based on their familiarity, visibility, and fire-related conditions. The
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target exit is selected first based on the categorization and only if two or
more exits are equally good, the game-theoretic model is applied to make
the final decision.

Paper [1I] studies how behavioral differences between individuals affect
the outcome of evacuations. Three agent types (Active, Conservative, and
Herding) are presented to describe different behaviors. The Active agents
observe their environment actively to find the fastest route, the Conser-
vative agents prefer familiar routes, and the Herding agents follow their
nearest neighbors. As described in the literature review of Section 2, pre-
ferring familiar routes and herding are commonly observed phenomena in
real crowds. It has also been observed that some people search for alter-
native exits more actively than others, see Rinne et al. (2010). These new
agent types are implemented to the model presented in Paper [I]. Simu-
lations using FDS+Evac show that Active agents, who actively seek for
faster and less used exit routes, can have a significant effect on the whole
crowd’s egress times, as they can also lead the herding agents to these

faster routes.

4.3 Pedestrian Counter Flow

Paper [III] presents a method for modeling pedestrians’ tendency to avoid
collisions in counterflow situations. Differently from some previous ap-
proaches (Pelechano et al., 2007, Smith et al., 2009), the agents do not
only try to avoid the nearest oncoming agent, but rather look at the big-
ger picture and try to select the direction with the least counterflow. In
addition to changing their walking direction, the agents are also set to
rotate their bodies to move shoulder first in counterflow situations. This
is a normal way of moving in dense crowds as it occupies much less space
in the walking direction.

The model of Paper [III] is implemented to the FDS+Evac software,
which uses the Social Force model for pedestrian movement. The agents
are set to select their desired walking directions using the counterflow
model. Test simulations show that without the counterflow model the

social force model can create unrealistic jams in simple counterflow situ-
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ations. The presented model makes counterflows smoother in the simu-
lations. Simulation results are also compared with previously published

experimental data and the results match well.

4.4 Spatial Games in Egress Congestion

Paper [IV] presents a spatial game model for describing pedestrian inter-
action at egress route bottlenecks. Each agent has two alternative strate-
gies: to behave either patiently or impatiently. The patient agents are
considered to patiently wait for their turn in the queue in front of the
exit, while the impatient agents behave aggressively and try to overtake
the others. Aggressive pushing behavior of some individuals has also been
observed in real crowds (Helbing and Mukerji, 2012). The payoffs of the
game are derived from simple assumptions and they turn out to corre-
spond to a hawk-dove game.

The agents are set to play the game with their neighboring agents and
equilibrium configurations for the game are computed using best-response
dynamics. In the resulting spatial equilibria, the patient and impatient
agents form patterns, where the proportion of impatient agents is low in
front of the exit and increases with the agents’ distance to the exit. An
example of a spatial equilibrium is shown in Fig.2.

The model is also implemented to the social force model of the FDS+Evac
software by using different individual parameters to describe agents’ move-
ment under different strategies. The impatient agents are set to push
harder towards the exit. The agents are set to update their strategies fre-
quently with best-response dynamics to keep the strategies close to the
current equilibrium throughout the simulation. The simulation results
show that threatening conditions increase the proportion of impatient
agents, which leads to increased pressure, clogging and reduced flows
through the exit.

Aggressive behavior and jams at egress route bottlenecks are often con-
sidered to be caused by irrational panic behavior. The results of this study
show that agents acting rationally according to simple intuitive rules can,

under threatening conditions, cause increased pressure and jams blocking

16



the exit.

Figure 2. An example of an equilibrium configuration of the spatial game of Paper [IV].
There are 628 agents heading towards the exit, which is represented by the
arrow. The white and black squares represent individual patient and impatient
agents, respectively.

4.5 Evacuation Behavior - Experimental results

Paper [V] illustrates the results of an experimental study of exit selection
in evacuation situations. The experiment was run in a corridor with two
exits, one closer and one further away from the participants’ starting lo-
cation. In the experiments, the participants were given a target to either
try to cooperate or to pursue self-interest in the egress.

The results show that, with statistical significance, the participants
were unable to select the fastest exit route.

It also turned out that trying to minimize individual egress times led
to faster egress than attempts to cooperate. One explanation for this dif-
ference turned out to be that, when trying to save themselves, the faster
participants took over their slower predecessors. When trying to cooper-
ate, overtaking did not occur and the whole crowd moved in the speed of
its slowest members. This result could be considered in building design,
e.g., by designing buildings that enable easier overtaking. Also in some

cases the evacuation could be planned so that faster occupants would use
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a different exit than the slower ones.

The effect of cooperative and selfish behavior have been previously stud-
ied in experiments by Muir and Cobbett (1995) and McLean et al. (1996).
The settings of the experiments were quite different from Paper [V] and
both of the studies gave monetary rewards to the participants based on
their performance. Also in the study of McLean et al. (1996), selfish be-
havior was found to lead to faster egress, but in the study of Muir and
Cobbett (1995) cooperation was faster. The differences between these two
studies can be largely explained by the different reward structures that
were used. To enable unbiased comparison between selfish and coopera-
tive behaviors, we decided not to use any performance based incentives in
the experiments of Paper [V].

Paper [V] presents the results of the experiments in a detailed way. The
average egress time and selected target exit are presented for each of the
54 individual starting positions. Also the exact measures of the building
geometry are presented. These results enable a detailed comparison of

simulation runs with the experimental results.

5 Conclusions and Future Research Directions

This dissertation develops new methods for computational simulation of
pedestrian behavior and decision making in crowds. In addition, the dis-
sertation presents new experimental results on pedestrian behavior. The
presented models and results focus mainly on evacuation situations.

The developed methods help building more realistic simulation models
for pedestrian movement, which can be used to assess the safety of dif-
ferent venues. The results also improve the understanding of the effects
that different individual behaviors have on the crowd level.

The existing crowd simulation models do not widely apply game theory
when modeling pedestrian interactions but rather use heuristic models to
describe pedestrian behavior. The game theoretic modeling methods used
in this dissertation, i.e., best-response dynamics and spatial games, have
not been previously used to model pedestrian interaction.

A natural direction of future research is further validation of the devel-
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oped models based on experimental data and observations on real crowds.
For example, Paper [I] presents a model for agents’ exit selection. The
model includes an anchoring parameter that describes how well the agents
are able to assess the fastest exit. On the other hand, Paper [V] presents
experimental results showing that people are not able to make optimal
decisions on the fastest egress route. Hence, estimating the value of the
anchoring parameter from the data of the experiment is a natural next
step.

Paper [IV] presents a game theoretic model for pedestrian behavior in
threatening situations at egress route bottlenecks. This model could be
further refined. The presented model assumes that the cost functions of
all agents are identical, which is not very realistic as people may behave
very differently in similar situations. Applying individual variation to the
cost functions could lead to interesting results. One way to include vari-
ation would be to randomly select the individual parameters from some
distributions. Another approach would be to introduce different agent
types with different behavioral properties.

A major challenge in the future research on pedestrian crowds will be to
connect the results of the different research groups and sub-communities
in the field to a more comprehensive theory. Multiple different models
have been published to describe different aspects of pedestrian movement
and behavior, but the models have not been extensively compared with
each other and with experimental and real life data. Such studies would

be valuable for all parties involved in computational crowd modeling.
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