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Abstract

The rapid movement of large numbers of peopleiieal in emergency and/or panic
situations, such as during the evacuation of bagsl stadiums, theatres, and public
transport stations; outdoor events such as puldgerablies, open concerts, and
religious gatherings; and community evacuationdovahg natural disasters or
terrorist attacks. Perhaps the most critical redsorstudying collective pedestrian
dynamics under emergency/panic conditions is tlo& @ complementary data to
develop and validate an explanatory model. Tha tdadata is likely to explain why
very few models focus on panic situations. The ludilthe literature is restricted to the
study of normal evacuation processes. Even tharasers responsible for developing
the few existing models of crowd panic have idesdifthe need for more rigorous
modelling frameworks and the development of apgreado assess the reliability of

model predictions.

The broad aim of this dissertation is to use erogirdata from non-human organisms
in the development of a pedestrian traffic modebamemergency conditions.
Experiments undertaken with non-human organismsemupanic conditions are a
crucial component of the research reported heresé lexperiments are found to be a
promising and feasible means of circumventing timtations posed by the scarcity
of complementary human data under panic conditidmgentine antsLinepithema
humile were used as test organisms in the experimeptstesl here because they are
abundant and simple to maintain in the laboratdhe experiments reported in this
thesis reflect an original attempt to study theee§ of structural features, that is, the
layout of the escape area, on the collective mownempatterns of non-human entities
during rapid egress and to translate those retultise study of human panic. Large
potential effects from the adjustments of smallictural features of the escape area

have been demonstrated via experiments with pargokrgentine ants.

Insights from the experiments with panicking Argeatants, along with previous
studies on animal dynamics and pedestrian dynanfiese been used in the

development of a simulation model called EmSim (sfar EmergencySimulation).



The formulation for the model recognises the rdiebath attractive and repulsive
forces in maintaining the coherence of collectiyaaimics under panic conditions. To
date, consideration of both repulsive and attractiorces has received limited
attention in studies of crowd panic reported in litexature. Also the granular forces
for pushing behaviour were modified to consider ¢hse of discontinuity when the
relative velocity is zero or near to zero. A fisstempt has also been made to scale the
model parameters for collective pedestrian traffec ant traffic, based on a scaling
concept commonly used in biology. With this innovat framework combining
insights from biology and traffic engineering, thes scope to compare the collective
movement patterns of non-human biological entiied pedestrians in order to devise
sound strategies to aid evacuation. The proposetehalso provides insight into the
minimal interactions or physical mechanisms reqlfoe the emergence of collective
dynamics. The nature of those underlying mechanigras investigated through

experiments with panicking ants.

The proposed model is first calibrated and validgqteith independent data) through
simulation of panicking ant traffic as observedirthe experiment and then scaled up
for the human panic situation. Since data doeserit for direct measurement of
model parameter values appropriate for panickingdms, the parameter values in the
model wereallometrically scaled up from the ant values to human values.nbael
predictions for collective pedestrian traffic wecensistent with observations of
collective traffic for ants. This consistency sugfgethat there are fundamental
features of crowd behavior that transcend the Bio&d idiosyncrasies of the
organisms involvedThe effectiveness of the proposed modelling frantéws also
validated through the comparison of the simulatiesults for the pedestrian traffic
with the observed data from the experiment (underpanic conditions). For normal
(non-panic) conditions, the model was validatechveixperimental data on pedestrian
traffic; specifically through comparisons of:

* headway distributions in uni-directional traffic,

» speed distributions and lane formation in bi-diletal traffic, and,

+ outflow from bottlenecks of various widths.

Xi



The results provide reassurance of the robustnBseeomodel in explaining the

collective dynamics of the panicking individualsspee the differences in speed, size
and other biological details between ants and hgma@he results also demonstrate
the capability of the EmSim model to represent baih-panic and panic conditions

within the same modelling framework.

The model organism approach is commonplace in rakdiesearch but not in
engineering, yet it is shown in this dissertatitvattit has enormous potential to
provide insight and theoretical understanding obwat panic. It will enhance
understanding about what properties of panic anerent to the physical nature of
crowds, and what properties depend on idiosyncidgiails. Also in biology, little
attention has been given to the study of the etieoest design elements on collective
movements of social insects. The experiments tratrgported here address those
gaps in the study of alarm traffic in social insetty focussing attention to the
relationship between nest architecture and intera#ic under alarm conditions. It is
expected that the experimental studies and modefliamework presented in this
dissertation will appeal to a broad audience, idiclg researchers interested in social
insects and nest architecture, self-organizatioaceation and traffic dynamics and

engineering.
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CHAPTER 1 INTRODUCTION

1.1 Background

Movement of people forms an important componend afiulti-modal transportation
system. Promoting walking is an important part loé tshift to more sustainable
transport (Cotter and Hannan1999, OECD guideli@2p Thus the planning and
designing of amenities for efficient, comfortabledasafe walking in public places is a
great challenge to planners seeking to create Hleeeommunities and sustainable
travel behaviour (Devlin et al. 2009). The movemeiltarge numbers of pedestrians
is important in many situations, such as the evamuaf buildings, stadiums, public
transport stations, etc., following natural disesteerrorist attacks or other causes.
Numerous incidents have been reported (for exanm@utevd Dynamics 2010) in
which overcrowding has resulted in injuries andtideiring emergency situations. A
quick scan of those documented incidents shows30@0 people have been killed
and more than 3500 people have been injured inctir@ated disasters over the last
10 years (Crowd Dynamics 2010). Modelling and eiogi study of pedestrian
behaviour under emergency conditions is imperatvassist planners and managers

of emergency response to analyse and assess gedetyutions for those situations.

The potential societal benefits of modelling anchidating pedestrian behaviour

include:

- Planners and managers can use simulations to mgight into possible problems
regarding the evacuation of public buildings eairty the planning of those
facilities.

- Evaluating evacuation strategies through simulatc@m provide insight on
efficiency of evacuation processes and subsequamhisation of the evacuation
plans. It could be particularly important in cagebailding evacuation or natural
disasters like bushfires and earthquakes.



« Managers of large events can use simulation to rexh#heir understanding of
how to control crowd movements in different sitoas.

- Assessment of safety for passenger vessels is rtitylar importance and so
evacuation simulations are being performed fongaaircraft and ships to assess
the safety of those vessels.

+ Pedestrian dynamics, as an important component rolipg dynamics, is
interconnected to several other fields includirgffit engineering, architecture,
socio-psychology, biology, safety science etc. réfoe the insight from the
study of pedestrian dynamics has wider applicateord can contribute to
advancement in knowledge in different fields.

As with vehicular traffic, pedestrian traffic hasdm studied mainly from macroscopic
and microscopic approaches and in some cases ewenrhesoscopic approaches
(Shiwakoti et al. 2008a) as will be explained inrendetail in Chapter 2 Literature
Review. Although initial scientific studies on pstléan evacuation were carried out
as early as 1930’s (Kholshevnikov & Samoshin 20@8¢ problem of enhancing
pedestrian safety under emergency conditionsestiits. This difficulty may be due
to the complex behaviour of humans under those itond and their continuous
mental, social and physical interactions with ther@unding environments. In these
earlier studies, the focus was to determine thellef/service for pedestrian facilities
and architectural and building codes based on tvera developed (Henderson 1971,
Fruin 1971). Many of the pedestrian planning ansigie contingency planning and
architectural and building codes used in practice based on understanding
developed from macroscopic models. However, with ddvancement in computer
power, recent trends have been towards microscomdelling with a focus on
emergency evacuation/panic situations. Microscapiclelling has the potential draw
on the socio-psychological literature (Mintz 198uarantelli 1957, Mawson 2007) to
represent the influence of socio-psychological dectunder emergency conditions.
Those socio-psychological studies highlight thawat behaviour during normal and
panic conditions are entirely different. Interan8oamong individuals form an
important component and, as stressed by Quarar{@hb7), the nature of the

interaction that occurs prior to and during patight is of utmost importance. Sime



(1995) argues there is a need to concentrate amdcpsychology in the context of

crowd safety engineering concerns.

The problem with few existing models of emergenapip situations is that
complementary data on panic to develop and validatedel’s prediction are rare, as
they are difficult to capture. Therefore, a genuqesstion arises: can one depend
entirely on the mathematics before scaling up grulyang a model prediction in a
human situation? Or can there be alternative engbivways to demonstrate that what
a model predicts is actually efficacious and imgogafety for pedestrians? One of
the interesting aspects of pedestrian crowds is dbkective behaviour during
emergency/panic situations (Quarantelli 1957, Kedeal. 1965, Sime 1995, Helbing
& Molnar 1997, Farkas & Vicsek 2005). The naturecoflective behaviours during
egress has an important role in determining thetgaff a crowd. Collective patterns
are not restricted to humans, but have been obdenvether biological systems that
display herding, flocking, schooling and swarm liilgence (Okubo 1986, Kennedy et
al. 2001, Charlott@005, Pfeil 2006). Mathematical simulation modedsénbeen used
since the 1970’s to study the collective movemehtmimals (Okubo 1986, Reynolds
1987. However, findings from such work are seldom appliedthe study of

collective human dynamics.

In this dissertation the termganic and emergenciegefer to situations in which

individuals have limited information and vision @to high crowd density and short
time for egress), and which result in physical cetitpn and pushing behaviour. That
is different from the meaning of the term that msatial scientists have used, i.e.,
“panic” is restricted to instances when both highotgonal arousal and irrational

behaviour occur. There have been many instancdbleinpast where people have
displayed physical competition and pushing behavihuring emergency evacuation,
as well as instances where people behaved in maichec way. The focus on the
former issue is more critical, whatever the emdalasiate of mind of the participants

in the evacuation.



1.2 Research aims

The broad aim of this dissertation is to use erogirdata from non-human organisms
in the development of a pedestrian crowd model uneleergency conditions.
Consistent with that broad aim, this research abtmsanswer following three

guestions:

(a) Can non-human biological organisms be used to stallgctive pedestrian crowd
dynamics under panic conditions?

(b) Can principles of the collective animal dynamicsapplied to model collective
pedestrian dynamics?

(c) Can a robust model be developed to explain thecole behaviours of different
biological entities despite variation in size, manrof locomotion, cognitive

abilities, and other biological traits?

To address these aims, specific objectives have badined along with a research
methodology to achieve those objectives. The rebemethodology followed in this

dissertation will be explained in Chapter 3 aftexr Chapter 2 Literature Review.

1.3 Thesis structure

This dissertation consists of nine chapters as showFigure 1-1. This Chapter
(Chapter 1) has set the scene for the researchtifidd the overall aim and key
research questions. Chapter 2 reviews the litexattw provide insight on existing
theories, models, and empirical studies pertainmgedestrian crowd dynamics. It
also identifies the gaps in knowledge to which ttesearch responds. Chapter 3
presents the specific objectives of the study alaii) an outline of the research
methodology designed to achieve the stated obgsttivChapter 4 discusses the
viability of using non-human biological organismmsthe study of human crowd panic
via experiments with panicking Argentine ants. pitesents the results from

experiments and their relevance to crowd dynandibsit chapter also examines the



foundations for the assumptions which must be madbhe development of a model
for collective pedestrian traffic.

Chapter 5 is dedicated to the development of a lation model, termed EmSim
(short for EmergencySimulation). The assumptions underlying the model @sad
mathematical derivation are provided along withl@awfchart of the simulation
model’s operation. Chapter 6 and 7 describe thibration and validation of the
developed simulation model for the ant traffic gredlestrian traffic respectively. In
Chapter 6, the simulation model is applied to i@ the scenarios from the
panicking ants experiment. In Chapter 7, the sanogleinis applied to simulate
pedestrian traffic with model parameters scaledfarppedestrian crowds from ant
traffic. Chapter 8 describes the application @ thodel in developing strategies and
practical design solutions to enhance the safetycrofvds. Finally, Chapter 9
concludes the dissertation highlighting its conttibn to knowledge and discussing

future research directions.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

This chapter reviews the existing literature on shedy of pedestrian crowds. Items
from the biological literature which are relevamtcrowd study are also covered. Most
of the existing literature on crowd dynamics fo@ise non-panic conditions. Only a
few researchers focus specifically on pedestridrabieur under panic conditions. To
study and represent the complex phenomena of cromx@dment, investigations have
been carried out by researchers using differentogghes (Shiwakoti et al. 2008a).
Figure 2-1 shows a classification of the existiegetarch which highlights a higher
order grouping depending on whether studies hagd ogmthematical modelling and

simulation, experimental studies or drawn on s@sgehology approaches.

Crowd/pedestrian study

\ 4 v

Mathematical Modelling Experimental Socio-psychological
and Simulation Studies Studies
v
A 4
Human Non-human organisms
\ 4 v
Microscopic Mesoscopi Macroscopic
\
A 4 A 4 A 4
Physical based Cellular based / Queuing Multi agent
matrix system network system

Figure 2-1: Study of crowd dynamics from different perspectives



Mathematical modelling and simulation can be furtetassified as microscopic,
mesoscopic and macroscopic depending on the levalletail. In microscopic
modelling approaches, there are various techniguel as physical based, cellular
based, queuing network and multi agent system tdetnpedestrian dynamics. The
experimental studies have been carried out with batman and non-human organism
to study collective dynamics. The remaining subeast present in detail the
approaches from different perspectives and highligk limitations of the existing

studies.

2.2 Mathematical modelling and simulation

There are many simulation models and software mgaskdor simulating pedestrian
motion. Those models can be classified based oir tgace representation
(continuous / grid based / network structure), pag (specific purpose / general
purpose), and level of detail (macroscopic / mesoisc/ microscopic). Dedicated
theory and models focused especially on panic/eemesg conditions are, however,
still at an early stage of development (Helbingle®2000). It is not the focus of this
section to review commercial software packagesf@cuation simulation but rather
to examine the underlying theoretical foundatioms which they are based. The
discussion here is structured on the basis of #wellat which the system is
represented and followed with consideration of #adidation approach for those

models.

2.2.1 Macroscopic models

Macroscopic models focus on the aggregate reprasamtof pedestrian movements
in a crowd through flow, density and speed relaiops (Fruin 1971, Still 2000,
Daamen 2004). The macroscopic behaviour reveatstibgoedestrian average speed
is reduced as the density increases. The flow egqualerived from analogy to fluid

flow, is given by

Flow (Q) = Average Speed (V) x Average Density (K) (2-1)



The reciprocal of the density is called the Spac&livie or Area Module (M) which is
a more convenient way to describe factors affectueglestrian flow in humans
(Teknomo 2002). This lead to,

Pedestrian Flow (§) = Average Speed Y/ Area Module (M) -

The Highway Capacity Manual (Transportation Rededdoard 2000) categorises
level of service for footpaths, stairways and criews based on the relationship
between space, average speed and flow rate. Dagtiéd) outlines flow, density
and speed relationship for pedestrians as propbgeskveral researchers based on
empirical observations and also presents a magasomdel (SimPed) for modelling
passenger flows in public transport facilities. Skimulation tool, which is meant as
an aid in the planning and design process, cowelt® rchoice, boarding and alighting

as well as walking.

Macroscopic models treat pedestrian movement lig@inuous fluid and rely on the
behaviour of the fluid as a large scale interaciystem. Macroscopic analysis may
be suited for very high density, large systems mcW the behaviour of groups of
units is appropriate. However, by representingodmicles (pedestrians) as unthinking
elements, these models do not account for thetiattvaried behaviour of individual
particles can significantly change the way in whitle fluid (crowd) as a whole
behaves, especially in emergency situations. Hu(2@32) proposed a theory for the
flow of pedestrians based on continuum modellingctviattempts to model the flow
of pedestrians as a “thinking fluid” based on widkned hypotheses. The theory has
been designed for the development of general tqaksito understand the motion of
large crowds; however, it has the potential to lseduas a predictive tool. The
behaviour predicted by the proposed macroscopicembds been compared with
aerial observations for the Jamarat Bridge neardsleSaudi Arabia. The continuum
hypothesis is stated to be invalid for a superaitflow (low-density) and thus there
is scope to extend in a probabilistic manner th&inaum theory of pedestrian flows
to low-density flows. Such an extension is beliet@grovide an important interface
between discrete and continuous models of humamsfiiHughes 2002). Lee and



Hughes (2005) have reported that the theory (Hug€2) was able to identify the
dangerous locations for a crowd-related accidedt tanexplain the development of

trampling and crushing accidents.

Most building codes of practice for pedestrian plag and design rely on
macroscopic models. However, the assumption afieati relationship between space
and flow at the macroscopic level has been questidny several researchers based on
microscopic simulations. Teknomo (2002) illustrate#h an example that the
performance of the movement of two opposing peidasstreams can be enhanced by
assigning the movement of pedestrians in only arextibn to each door of a two-
way door instead of letting them move through eitbiethe two doors. Hence, by
controlling the interactions of pedestrians, a meffecient pedestrian flow can be
achieved with less space. Consideration of theseaictions enables better estimate of
delays to pedestrians, which is particularly imaott in emergency situations
(Shiwakoti and Nakatsuji 2006). These are soméhefrime reasons for a shift of

modelling approach from macroscopic to microscopic.

2.2.2 Microscopic models

Microscopic models treat each pedestrian in a crasven individual agent occupying
a certain space at an instant in time. These madelgprovide valuable insight over a
wide range of behavioural inputs. The microscopadeis deal with the factors that
drive pedestrians towards their destination by clamgg the interaction between
pedestrians (Helbing et al. 2002, Teknomo 2002,nAsat al. 2009). Such models
give a more realistic representation of pedestrimvements. However there are
problems of analytical manipulability and compuagl effort (Still 2000). These
models can be classified broadly into four groupBysical based models, Cellular
based models, Queuing network models and Multifageodels. The following

sections review those approaches.
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2.2.2.1 Physical based models

The physical based models recognise that the cievmdade up of individuals who
react to events around them. These models havegrerarily used to study indoor
emergency and panic situations to design evacuatrategies. In the physical based
model, optimal acceleration is determined basedvamous physical forces. By
applying equations of motion, the simulation is aied in each time step. Some of
the emerging models based on this concept are Magrerce Model (Okazaki &
Matsushita 1993), Social Force Model (Helbing e2@00), and NOMAD (Normative
Pedestrian Behaviour Theory) (Hoogendoorn 2002).

The Magnetic Force Model (MFM) (Okazaki & Matsushit993) represents the
movement of each pedestrian as if it was a magrtetbject in a magnetic field. The
movement is based on two forces. Magnetic forces fCoulomb’s law drive the
pedestrians to their goal while other forces conte play to avoid collisions with
other pedestrians. The MFM is simple in terms ®farmulation. Collision avoidance
is considered in the model. Variations in microscqgedestrian characteristics have
not been considered. This model has been applidddsimulation examples under
non-panic conditions (Okazaki & Matsushita 1993):

- Evacuation from an office building

+ Movement of pedestrians in queue spaces

It was reported that the simulation examples demnatesl the capability of the model
to generate flows and congestion occurring in tlohitectural space. It is to be noted
here that these examples were hypothetical andbmparison was made between the
model predictions and actual data. The paramestad in MFM used are not directly
estimable. For example, it is hard to estimate itltensity of magnetic load of a
pedestrian or intensity of the magnetic pole. Ttingschallenge lies in calibrating the

parameters of the model and in validating its priais.
The Social Force Model (SFM) (Helbing et al 206)pbased on social field theory. In

the simplified version of this microscopic moddie tdynamics of each pedestrian is

determined by three kinds of forces:

11



« Driving forces (that direct the pedestrian towatdsr destination),

« Social or pedestrian forces (that avoid collisibesnveen two pedestrians through
repulsive forces) and

- Granular forces (that come into play when two pedes touch each other and

start pushing each other in a panic situation).

The philosophy of SFM is similar to MFM. Howeven, $FM, pushing and frictional
forces are considered (via granular forces) whscimiportant under panic conditions.
It is to be noted here that in the early 1970’snilsir modelling approaches
considering the repulsive forces were proposedHersimulation of motion of fish
(Sakai and Suzuki 1973) and panicked pedestriamai(&hd Tarui 1975). Despite its
simplicity, SFM has been successful in reproducegeral collective pedestrian flow
phenomena and analysing different characteristigedestrian flow. Its strength lies
in dealing with panic situations and several simotacase studies on escape panic
from a room have been performed using this con¢eptbing et al 2000). The
parameters used in the model have physical meamdgan be measured (Helbing et
al 2000), unlike the abstract values used in théMHAowever, Helbing et al (2000)
call for the enhancement in the modelling framewfmk crowd panic and explore
ways to assess the reliability of the model duth®lack of complementary data on

human panic.

NOMAD (Hoogendoorn 2002) has a theoretical backgdobased on the micro-
economics of cost minimisation. It describes theceion of human control tasks
where pedestrians are assumed to minimise thellsd ¢aunning cost of walking”. It

has been reported to be successful in reproducwiective pedestrian flow

phenomena. The model is capable of showing formatiolanes and homogenous
strips in crossing pedestrian flows as well as beha at bottlenecks under non-panic
conditions. The model is also reported to be comsisvith important empirical and
experimental findings on microscopic pedestrianaveur. It has been further shown
that NOMAD provides a generalisation of the SFM ggendoorn 2004) under non-

panic conditions.
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2.2.2.2 Cellular based models

The basic idea of a cellular based, also knowneahkil@r Automata (CA) or matrix-
based system, is to divide a floor area into c€llls are used to represent free floor
areas, obstacles, areas occupied by individuass gnoup of people, or regions with
other environmental attributes. People transit froell to cell based on occupancy
rules defined for the cells (Kltupfel 2003).

Blue & Adler (1999) present a CA micro-simulationodel for a bidirectional
pedestrian walkway. Simulation experiments indidatkat the basic model was
capable of realistically simulating flows in walkygof various lengths and widths
and across different directional shares of pedestnmovements. The results of the
simulation are reported to be consistent with thell-astablished fundamental
properties of pedestrian flows (Blue & Adler 1998kthadschneider (2002) presents a
cellular automaton model and reports (Burstedds.2002) that the model is able to
reproduce collective effects and self-organisatiphenomena encountered in
pedestrian traffic, e.g. lane formation in courflew through a large corridor and
oscillations at doors. Furthermore, simple examphespresented where the model is
applied to simulate evacuations. However, no irtdioaof validation of the model has
been reported. Klupfel (2003) proposed a cellulatomaton model for handling
complex scenarios and egress simulations undepanit- conditions. The simulation
results have been validated by comparing evacuétioa from evacuation trials for a
theatre, primary school and ship. Kretz (2007) gmésd a cellular model under non-
panic conditions. Kretz's model was basically arteagion of previous studies
(Schadschneider 2002) with the capability to sineulevide range of evacuation
scenarios. Kretz (2007) also reports that the dgesl model is computationally
efficient with the capability to simulate scenarigh a few million persons. The
model has been validated by comparing the evagudtiee from evacuation trials for
a school. Kretz (2007) reports that the model’'sljoteon is in good agreement with

the observed empirical data from the experiment.

Although researchers have demonstrated the pdteftzellular automata to model

pedestrian dynamics, problems with the simulatidncomowd cross flows and
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concourses have been reported (Pan 2006). The snadel focused only on
explaining normal evacuation processes. Also, thevament of people appears
unrealistic, particularly when the model is illegtd graphically and people appear to

hopping on or across the cells as the simulationgeds (Pan 2006).

2.2.2.3 Queuing network

Queuing models have been applied to model evaaisatiom buildings (Lavas 1994).

Lavas (1994) proposed a discrete event based maeldieh uses a probabilistic

approach to represent pedestrian movement towaektnation, with priority rules

governing the interaction between pedestrians. (@gemodels are based on the

following assumptions:

« Any pedestrian facility can be modelled as a nekvadiwalkway sections, and

« Pedestrian flow in this network can be modellecaagueuing network process,
where each pedestrian is treated as a separateofigeet, interacting with the

other objects.

The proposed theoretical model has been illustriayeseveral examples showing the
effectiveness of the model for estimating the cstiga and evacuation time in a
building network (Lagvas 1994). There is howeverimdication of the validation of

the model.

2.2.2.4 Multi-agent modelling

Multi-agent based modelling is a particular typecomputational methodology that
allows the building of an artificial environmentgdated with agents that are capable
of interacting with each other (Pan 2006). In ¢hesodels, a set of agents follow
strategies that promote their own benefit. An agemin identifiable unit of computer
program code that is autonomous and goal-dire&gents may also possess other
capabilities such as intelligence and adaptabilitye agents usually act on the multi-
agent system interacting with the other agents #mel interactions can be
characterised by certain conditions of mobilitylsas following other agents, leading
other agents, and the inhibition of travel througbngestion. These multi-agent
simulations are thus quite appropriate for spaoe-tdynamics in that they allow
exploration of relationships between micro-levetliurdual actions and emergent
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macro-level phenomena (Batty & Jiang, 1999). Fogdascale evacuation scenarios,
and complex systems, multi-agent based modellisgoean the preferred approach.

However, multi-agent simulations generally do notaunt for the force effects,
which are particularly important in modelling crovi@haviours. Although people
generally try to move toward goals, force effeds cause them to be pushed away
from their desired trajectories and accurate modelsst reflect this. Also, the
presence of crowd members injured by excessiveefoen significantly affect the
ability of others to move freely. Models that da nepresent pushing forces therefore
cannot directly account for all these additionalses of delay.

Pan (2006) prototyped a multi-agent system framkwasle to model emergent
human social behaviours, such as competitive behgviqueuing behaviour and
herding behaviour. Pan simulated the behavioururhdn agents at a microscopic
level. In the framework, each person is modelledaasautonomous agent who
interacts with a virtual environment and other dgeaccording to an ‘Individual

Behaviour Model’ and some global rules on crowdaigics. Pan (2006) reports the
comparison of the simulation results (crowd flowertor different passageway width)
with the results obtained by other evacuation nodeld software. The developed
model have been applied to simulate and replicatesa of crowd evacuation and also

to facilitate egress design analysis for a mutiresy university building.

2.2.3 Mesoscopic models

Mesoscopic modelling of vehicular traffic does rfotus on single vehicles but
considers groups of vehicles in an identical emnment, for example, where a group
or platoon of vehicles is travelling at the sameegpand in the same section. The idea
of grouping individuals has seen the developmentmekoscopic pedestrian flow
models. For example, Hanisch et al. (2003) developesimulation model of
pedestrian flow in public buildings. Instead of nebithg a single pedestrian, groups of
pedestrians are used and every group has its oles nf behaviour. The main

components of the model are groups of pedestriauas am abstract network to
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represent the environment. The groups move thr@gbktwork consisting of nodes
and links. Nodes are subdivided into sources, san® storages. Sources generate
and sinks respectively destroy groups. A storaggresents an area and this node
can delay the pedestrian flow. Storages arécdibsinternal resources in the
environment which are used by pedestrians. Siltyjldolujew & Alcala, (2004)
follow a mesoscopic approach for the simulatiopedestrian traffic flows in public
buildings. The philosophy of the model is simiiathat of Hanisch et al. (2003).

The models as described above seem to be a tloabrptoposition only, with no
indication of the validation approaches. Howeverlujew & Alcala, (2004) mention
that in order to test both the accuracy and perdmce of their mesoscopic approach a
prototype simulator was designed and implemented tesigned to be used in a
control centre of a train station or an airpordéver information on expected system
behaviour to a decision support system. Likewisanibth et al. (2003) also mention
that a prototype simulator of their mesoscopic apph has been set up at the
Fraunhofer Institute of Magdeburg, Germany. Theceph of dealing with groups of
people may have potential in the context of therosicopic models in order to reduce
the simulation time, especially when a large numifepeople are to be simulated.
Mesoscopic modelling techniques have specific appbn, especially for real time
pedestrian flow to determine the delay and congesti public areas. They may not

be suited, however, to study panic / emergencyasces)

2.2.4 Mathematical model and simulation summary

Several models for pedestrian dynamics exist, bogtmof them are concerned with
explaining crowd dynamics under normal conditiomsnormal evacuation process
and only few actually focus on panic (the noticeahblbdel for panic being the SFM).
Like vehicular traffic, crowd dynamics has beendg#d from both macroscopic and
microscopic perspectives, while fewer studies gptetm study it at a mesoscopic level.
The macroscopic behaviour reveals that the pedastverage speed is reduced as the
density of pedestrian flow increases. Many of thevipus studies on crowd dynamics

have been based on empirical study and macroscopielling. Interaction among
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pedestrians in a crowd forms an important compoaenticroscopic study and as the
movement quality of a crowd can be improved by g the interaction between
pedestrians, microscopic study has an advantagécuysarly when dealing with

emergency or panic situation. Mesoscopic modelliaghniques have specific
application, especially for real time pedestriaowflto determine the delay and
congestion in public buildings or public transfeat®ns. The concept of dealing with
groups of people may have potential in the condéxhicroscopic modelling in order

to reduce the simulation time, especially when dargimber of people are to be
simulated.

It is emphasized here that microscopic modellipgraaches are more suitable to
study relating to panic /emergency situations duethieir ability to account for
additional delays from interactions between indials. The force model also has this
potential, especially in devising strategies ansigte solutions to enhance the safety
of crowds under panic situations, which is the ®aif this research. Table 2-1
compares and contrast the features of the diffeepyroaches to microscopic
modelling. It can be observed from the table thesé approaches rarely involve
calibration and validation of the model. Most oé timodels are either tested visually
with the fundamental properties of pedestrian floweompared with other evacuation
models. Some researchers have compared their medtisthe data (such as
evacuation time) from evacuation exercises. Howeerse evacuation drills do not
represent the real emergency /panic conditionsacelethe lack of real-life data under
panic /emergency conditions has been a major prolle the development of
theoretical models.

17



Table 2-1: Comparison of different approaches to microscopdaetiing

Microscopic Model Approaches

Physical based

Cellular based

Queuing network

MuHlagent

General Procedur

e to Develop the Model

¢ Continuous-space

« Optimal acceleration based on
physical forces

« Equations of motion determining th
movement of people in each time
step

e.g. SFM, MFM, NOMAD

e

« Discrete-space

« Space divided into cells

 People transit from cell to cell based on
occupancy rules defined for the cells in
each time step

e.g. Schadschneider (2002), Tobias (2003

P.g. Lavas (1994)

» Pedestrian facility modelled as a network
walkway sections

« Pedestrian flow modelled as a queuing
network process-oriented discrete-event
simulation

e.g.Pan (2006)

Each individual is modelled as an

autonomous agent and process-oriented.

Agents characterized by certain
conditions of mobility such as the
following the other agents, the lead to
the other agents, the inhibition of trave
with congestion etc.

Str

engths

« Even without ‘decision making’
capability, pedestrians keep distan
from each other and shows self-
organization phenomena

« Suited to help design evacuation
strategies

« Simple to develop and fast to update.
oe Suited for simulations of large complex
structures

Simple to develop and computationally
efficient

Suitable to assess critical events in flow o
people (like congestion) in a building and
also assessing effectiveness of evacuatio

h

Possible to assign “decision making”
capabilities to agents

Suitable for large scale evacuation
scenario and complex system

Weaknesses

Crowd does not completely follow
laws of physics

Complex structures may be hard t
simulate.

« Difficulties of simulating crowd cross flow

and concourses have been reported
0« The movement pattern seems unrealistig
with the people hopping on the grid cells

« Heavily based on probabilistic assumptio|
« Visualization of actual movement pattern
of each individual not possible

5

ns Formal basis of the model is weaker th

« Additional delay due to force effects ar

other modelling approaches.

not considered which is important in
emergency situations

Val

idation

* No indication for emergency
validation except visually verified
observed behaviour. Validated for

normal situation with experiments g

« Comparison with evacuation exercises fa
egress time from buildings, and even shi

]

human.

ps.

* No indication

« Comparison of simulation results

obtained by other evacuation models fg
egress analysis.
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2.3 Experimental studies

This section reviews the experimental studies edraut to study crowd dynamics.
The focus will be on experimental studies on pedesttraffic and non-human

biological organisms.

2.3.1 Pedestrian crowds

Complementary data are required to test theoreticadels quantitatively for their
validity and reliability and also to compare thafpemance of alternative models.
Data under emergency and panic conditions areasrdey are difficult to capture.
Attempts have been made to validate the predictadnsiodels through evacuation
trials (Kltpfel 2003, Kretz 2007) and comparisorthMexisting models and software
(Pan 2006). Experiments using human subjects haen kalso performed to
understand the behaviour and characteristics ofanuitow under normal (non-panic)
conditions. Teknomo (2002) used video recordinggeai life data of pedestrian
crossings in normal situations to validate his nhodecontrast, models simulating the
behaviour of crowds in emergencies have been masetipected, verified and
validated visually based on computer graphics.

Some researchers have tried to perform experimenhwnans to understand the
behaviour and characteristics of human flow. Délftiversity of Technology has
collected video-based data from experimental pedesiows (Daamen 2004). These
experiments have been used to observe pedestridkingvabehaviour and
characteristics under different conditions. Freeesl walking direction, density and
bottlenecks were the experimental variables constdeExperiments have been
performed for one, two and four directional trafflows; and with bottlenecks of
varying width. The experiments produced insighbitite free speed distributions,
speed variances, fundamental diagrams, self-orgtmois and capacity of bottlenecks
both for one directional and multi directional flsmHoogendoorn (2004) reports that
many of the observations made in these experinvegrts reproduced by the NOMAD

19



model. Based on a frame-by-frame analysis of vigeordings, Helbing et al. (2005)
determined the passing times of pedestrians atinectoss sections and the related

time headway (gross time gap) distributions forftiwing situations:

« Uni and bidirectional pedestrian streams in comsdeith and without bottlenecks,
« Two intersecting pedestrian streams, and

- Pedestrians rushing toward an exit with and witlamubbstacle in front of it.

Evacuation exercises for buildings and passengesele can provide data for model
validation. Evacuation trials in the past have aered public buildings (Proulx 1995,
Weckman et al. 1999, Olsson 2001), industrial psesi (Ko et al. 2007) and
passenger vessels (Galea & Galparsoro 1994). Ysealicuation times, response
time of the occupants and movement of the occugdeate been observed from such
evacuation trials. One particular problem withigyito perform such evacuation trials
is that a large number of repetitions are likelyoorequired given the variability in
results across runs. It might not be desirableeidopm large number of repetitions
from a cost point of view. Also researchers haveconfine themselves to small
numbers of participants with no control on level mdnic, which then does not
represent the true scenario for crowd behaviouiptd (2003) validated a proposed
cellular automation model by comparison to empirdata from the literature and
evacuation trials from a theatre, primary schoal ahip. The egress time based on
evacuation trials of people with that of egressetimbtained from simulation for those
scenarios were compared. Deviations between siontaand evacuation trials exist.
However it has been reported that the deviatioesnaainly due to subtleties in the
behaviour on a microscopic level and thus on a asaopic level (like the overall

evacuation time), the differences are reportecetsrball (Kltpfel 2003).

It is to be noted here that experiments on humangeaformed above during non-
panic conditions are of fundamental importance maearstanding the behaviour of
people under emergency conditions as well as tloelletion of evacuation time. For
example, experiments with bottlenecks representcthegested part of buildings.

Bidirectional flow experiments are important whesttbrescuers and the victims have
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to use the same path during emergency evacuatiomeyer, the problem with
models dealing with emergency/panic situationd & tomplementary data on panic
to validate the model’'s prediction are rare as theydifficult to capture. Also, it is
not desirable from either an ethical, safety orostcpoint of view to perform

controlled experiments on humans under emergenugittons.

2.3.2 Non-human organisms

Studies that included experiments with mice ansl idtrai and Tarui 1975, Saloma et
al. 2003) and ants (Altshuler et al. 2005) have alestrated the viability of using
these organisms to inspire designs for safe egi@sspedestrian traffic under
emergency conditions. The following sections reviemperience using these and

other biological entities.

2.3.2.1 Rats and mice

Rats were used to study emergency evacuation iredhly 1970’s (Hirai & Tarui
1975). Hirai & Tarui (1975) performed an experimaith 10 panicking rats under
emergency conditions. The experiment revealed ritatthat were familiar with the
exits took less time, in general, to get out ofdké than naive rats. With the proposed
model, they simulated the case of pedestrian eviacuia an underground arcade, and
found that pedestrians who were familiar with thxé er followed the guiding signs
were able to evacuate faster than naive or unirddripedestrians. Saloma et al.
(2003) performed an experiment with a group of 66enescaping from a water pool
onto a dry platform through doors of various widiisd separation. The results
showed that mice behave in much the way computedetaopredict for panicked
pedestrians. When their escape route was only kangegh for a single mouse, the
mice made the most efficient escape to the safetyeadry platform by self-organized
queuing; but as the width of the door was increagbd queuing phenomena
disappeared and the mice started competing with eter, resulting in blockage and

inefficient escape.
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2.3.2.2 Ants

An experiment by Dussutour et al. (2004, 2005) aéak that foraging ants cope with
traffic control problems much as human beings dothe experiment, they allowed
black garden ants to forage at a food source,dredch their goal they had to cross a
diamond-shaped bridge network that gave them tbecelof route once they started
their journey. It was observed that the mean rétencounters per ant on a narrow
arm of the bridge was lower than that on a wide, avhich suggests that ants regulate
their density to cope with the delay incurred byigh rate of contact. The number of
head-on encounters was lower on the narrow bridgause ants progressed on the
bridge as clusters of individuals moving in the sadiirection, rather than as isolated
individuals. Similar processes of temporal orgatra of bi-directional pedestrian
flows moving through a narrow bottleneck have beeported by Helbing et al.
(2005). As in ants, clusters of people, rather teargle individuals, traverse the
bottleneck before people from the other side havehance to pass through the

bottleneck.

Altshuler et al. (2005) report experiments on Culeai-cutting ants that agree with
symmetry breaking (ineffective use of exits) by ipead crowds. They monitored the
reaction of ants to an insect repelling liquid thais introduced in an enclosed acrylic
circular drum cell with two opposite, symmetricdibgated exits. Use of only one exit
was dominant in this panic situation, while symneairuse of the two exits prevailed
in normal situations (without the repellent). Difaces in the use of the two exits
averaged 10.4% (x 0.1%) in a normal situation, ihateased to 50% (+ 4%) for a
panic situation. Similar inefficient asymmetry bwrhans escaping from a smoky
room with two identical exits has been predictedHstbing et al. (2000) using a
social force model. Escobar and Rosa (2003) highligat seemingly small features
of the physical environment may result in disprojomiate influence on the escape

dynamics.

2.3.2.3 Sheep

Although, to the author’'s knowledge, there havenbe® reports of “traffic”

experiments with sheep, such experiments could igklyhuseful to test suitable
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architectural adjustments for safe pedestriansssgtender emergency conditions.
Johansson & Helbing (2005) used a genetic algoridmd social force model to
identify architectural design solutions which maked pedestrian outflow at exits or
bottlenecks. The proposed designs included a furshape adjustment and a
compartment structure as shown in Figure 2-2(a) 2f#{b) respectively. These
adjustments were reported to increase the pedestutilow (in the simulation) by as
much as four times. The solutions currently lackppgut from empirical data.
However, in the early 1990’s, similar funnel shagedompartment shaped sheep
yards (Casey & Hamilton 1990) were found to be a8%% more efficient than the
traditional rectangular yards for handling largantners of sheep (over 10,000), as

shown in Figure 2-2(c).

Figure 2-2: Recent predicted best design solutions for emeggesgress for
pedestrian crowd (a) (b) (Johansson & Helbing 20@&)e similar design solutions
have been implemented in the past for efficienephitow in sheep yards (c) (Casey
& Hamilton 1990).

Likewise, large mobs of sheep are normally brokewrdinto smaller mobs in the
drafting race by a divider (Casey & Hamilton 199@athematical models (Still 2000,
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Helbing et al. 2005) have predicted the dividemarrier approach to be suitable for
human crowds. The divider breaks up the tremengoessure generated in crowds by
separating the crowd into sections and thereby mining the local interactions.
Research at the University of Leeds revealed thatams flock like sheep (University
of Leeds 2008). In a series of experiments, groafppeople were asked to walk
randomly around a large hall. Within the groupew fwere informed in detail about
where to walk. Participants were not allowed td @ gesture to one another. The
findings showed that in all cases, the ‘informedividuals’ were followed
subconsciously by others in the crowd in a sellarged manner, much like a flock
of sheep. It took a minority of just five per ceatinfluence a crowd’s direction, and
the other 95 per cent followed them without realigit. The researchers expect the
findings could have major practical implications ftrecting the flow of large crowds,

in particular in disaster scenarios, where verbatmunication may be difficult.

2.3.3 Experimental studies summary

Most experiments with humans crowd aim to undetstdne behaviour and
characteristics of pedestrian flow under non-pananditions. Although such
experiments are of fundamental importance in undeding the behaviour of people
under emergency conditions, comparisons with itablata are necessary to validate
any model’s prediction. To provide data for modalidation, evacuation exercises
have been carried out by some researchers. Thalsehimve been conducted in public
buildings, industrial premises, and passenger \&sdewever, a problem with such
evacuation trials is the high number of repetitioeguired for statistical significance.
Also, there are ethical and safety concerns thatvegmt creating a real panic.
Researchers have to confine themselves to smalbersmof participants with no
control on the level of panic, which then may nepresent the true scenario for
pedestrian crowd behaviour. Experiments with nomdw organisms offer the
potential to overcome such limitations as demotedrdy some limited studies on

rats/mice and ants.
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2.4 Socio-psychological studies

In general, the dictionary definition of the wordréwd”, as stated in the website of

Lexico Publishing Group (2007), means a gatherihgpemple. However, from the

socio-psychological point of view, “crowd” is undévod in a different way. Crowd

studies from a socio-psychological (sociology) pective have been carried out over

many years and the focuses have been to studydlel characteristics (collective

behaviour) and their mental state in a given siwatCrowd (rather psychological

crowd) is the formation of collective minds withwelistinctive characteristics very

different from those of the individuals who congt# the crowd. Sentiments

predominate over intelligence and the transformaatisients can lead to heroic or

criminal crowd (Bon 1960). Special characterisb€psychological crowds are (Bon

1960):

« The turning in a fixed direction of the ideas anehtsments of individuals
composing such a crowd, and the disappearanceofp@rsonality

- The crowd is always dominated by considerationstath it is unconscious

- The lowering of the intelligence and the compleams$formation of sentiments

« The transformed sentiments may be better or wirae those of the individuals
of which the crowd is composed.

2.4.1 Crowd and panic

The dictionary definition of the word “panic” asat#d in the website of Lexico
Publishing Group (2007) is a sudden overwhelmiray,fevith or without cause, that
produces hysterical or irrational behaviour, anak thiten spreads quickly through a
group of persons or animals. But from a socio-psiagical point of view, the word
“panic” for a crowd is much more complicated th&literal meaning. Piere (1938)
states that the panic behaviour of a crowd is tmsequences of the agglomeration of
many factors in an entirely unpredictable way. Adaog to Piere, the only thing
which can be said with any certainty is that thieadweour of the individuals in a panic
situation will not be a direct consequence of ti@dorn natures. It will be a fortuitous
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synthesis of their acquired patterns of responke. drigin of panic behaviour lies in
two circumstances:
- Any occurrence of a crisis that is a source of @éarg personal threat and

« Lack of leadership in the crisis.

Mintz (1951) stated a new paradigm of panic whiomtadicts the assumption of
personality alterations of people due to crowd mersiip in panic, i.e. the common
tendency to view emotion as a predominantly desweicfactor in behaviour is
guestionable (Turner & Killian 1962, Brown 1965)iritZz argues that the competitive
behaviour or dispersal occurring in panics suggtdsis group cohesion disappears
and that people begin to behave purely as indiV&dimaaccordance with their selfish
needs. Mintz believed some “unstable reward strattis the essential condition for
the occurrence of panic rather than “extreme fe@lie proposed theory has been
partially backed up by a subjective model experinwnpenalty and reward. In the
experiment, aluminium cones with attached stringgewput in a large bottle, the
bottle having a narrow neck such that only one e time could be withdrawn. If
two cones arrived together, they would jam the netkhe bottle. Experimental
subjects held the ends of the strings. In one ¢mmdwater was gradually admitted to
the bottle from below and each subject was toltl tthey would be given twenty-cents
if they removed their cone from the bottle whilevis still dry or else a fine would be
imposed on failure. As the wet area of the coneem®ed, participants would be
expected to pay increasingly large fines. The watdvlintz’s fire, the neck of the
bottle his exit, and the cones are people. Inglwesditions, intended to duplicate the
conditions of panic, traffic jams invariably occett Some groups of subjects were
allowed to make a plan of cooperation. Even wherh qalans were made, however,
serious traffic jams usually occurred. On the othand, when the water and the
rewards and penalties were removed and the subjests simply told to draw the
cones from the bottle, no serious jams occurrech élreugh Mintz instructed some
subjects to make noise and do their best to “pattcdthers. So it is basically the
unstable reward structure of the situations whighrasponsible for non-adaptive
behaviour of groups in panic situation. Kelley dt (4965) criticised Mintz's

procedure and conceptualization. They mentioned khatz’'s method cannot be
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considered to test the effects of danger. Theyebelithat the monetary reward
/penalty do not provide insight on behaviour unctarditions of high stress. Kelley et
al (1965) argues that the degree of threat or dasgmportant and demonstrates that
the higher the threatened penalty for failure tcape, the greater is the degree of un-

coordination.

Based on the data collected from interviews of apipnately 1000 persons involved
in a variety of community-wide and localized disast Quarantelli (1957) postulated
several hypotheses for crowd behaviour in paniccofding to Quarantelli, panic
participation flight (panicking crowd) is not nesasly non-functional or maladaptive.
Sometimes it is adaptive and sometimes not. Fanele physical barriers might lead
to panicky participants trampling each other evéertheir coordinated action is
functional. This phenomenon has been simulateddbasea mathematical model by
Helbing et al (2000) where the victims in a smokgm lying in the floor acted as
physical barriers to people fleeing from a smokgmno thus generating more chaos.
Aspects of panic behaviour as presented througbrakehypotheses by Quarantelli
(1957) are:

« The panic participants experience, whether indiailyuor through interaction
with others, situations involving a direct threatane’s physical existence. This is
different to other panic situations like bankruptdyich are not related to physical
bodily terms. Participants can orient themselvesnire and space to the situation
and can flee.

« Participants who panic are focused on future-thratiter than past-danger and
anticipate possible entrapment and so rapid reacifosome sort is considered
necessary for survival. However, the reaction ddpeon how the person
perceives the situation and how it is defined by tteactions of others.
Consequently, panicky reactions can occur in saoatinvolving no real threat.

- Participants who panic are self-conscious and dkafihe more threatening they
regard the situation, the greater awareness ofdekém

« Panic flight is directed toward the goal of gettimgay from the area of danger
although sometimes the person may appear to movbkeirdirection of threat.

Convergence of fleeing persons in a collective pémeiquently occurs.
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« Participants who panic exhibit non-rational fligbehaviour; however, their
thinking is not necessary “irrational”.

- Panic is not necessarily non-functional or malaigdaptSometimes it is adaptive
and sometimes it is not. Physical barriers miglatdléo panicky participants
trampling each other.

« Panicking persons act in a non social way. The samal aspect of this panicky
reaction is primarily in regard to failure to plagnventional social roles and to

follow the expected interaction patterns.

Sime (1995) argues that engineering studies foaestty on design issues such as
entrance and exit widths while psychological stadie more concerned with the
motivations of people, the nature of the behaviana the way it is interpreted. He
argues there is a need to concentrate on crowchpkgy in the context of crowd
safety engineering concerns. Mawson (2007) provalsgnthesis of the mass panic
studies and proposes a social attachment modehtibhlights the consideration of
attachments in mass panic study. He argues thateaged affiliation and
companionship are the major factors that lead @etaptesponse to frightening stimuli
or threat rather than flight /fight or social brdakn as has been conceived in

previous models.

2.4.2 Socio-psychological studies summary

Studies on behavioural models of panic/emergertagtsdns have been conducted by
sociologists over many years. However, relativedyv fstudies of irrational/non-
adaptive behaviour exist in the literature priorthe 1970’s. There is debate among
researchers regarding whether or not people ai@ehtunder panic conditions. It is
for those reasons that some boundaries on theietation of emergency/panic were
specified in Chapter 1 so that there was clarityhim meaning of those terms in the
context of this research. As mentioned in Chapiéind focus should be on addressing
physical competition and pushing behaviour, whatéve emotional state of mind of

the participants in the evacuation.
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The collective behaviour of a crowd during emerge(@anic) situation is different
and quite complex compared to a normal situatiogrcétved threat and mutual
influence are key factors (but not sufficient) fime development of non-adaptive
panic behaviour in a crowd. The degree of thrgatnic is seen to determine whether
individuals constituting a crowd lose identity afallow the crowd or whether the
group cohesion disappears and people begin tondatidually (either rationally or
irrationally) according to selfish needs. How creanescape in panic is thus highly
dependent on how the group goals and individuallsg@e constituted and
coordinated in the panic situation. Having said,ttiee panic escape of a crowd is not
only dependent on the degree of threat/panic, lsat @an the physical space/layout
through which they escape. For example, exits withbut a physical barrier, and
victims (acting as barrier) can produce chaos amicpin an escaping crowd. Thus,
although the socio-psychological theories may erplghy an individual becomes
panicked, these theories however do not explairdyimamics of crowd. They might
not also consider the effect on panic escape frariayout of the escape area. These
could be some of the reasons that results of thesie-psychological studies can not

often be directly applied to enhance the safefyeafestrian facilities.

2.5 Gaps in knowledge

Based on the literature survey, it was observet ttiere are certain major gaps in
knowledge of crowd dynamics under emergency camusti They are summarized
below:

« Lack of complementary data

Complementary data are required to develop andesb the theoretical models
guantitatively for their reliability and also to opare the performance of alternative
models. Data under panic conditions are rare ag dne difficult to capture. The
techniques required to extract the required data aso of concern for model
calibration and validation. Models simulating thehbviour of crowds in panic have

been mostly inspected, verified and validated Jiguwsith computer graphics due to
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lack of data, while other models have been vadddty comparing egress time based
on evacuation trials. But the actual control orelesf panic is not possible in such
experiments. As panic tests in humans are notal#sidue to ethical, safety and cost
concerns, there is an urgent need for exploratibrsame alternative empirical
measures to address the problem of data scaréityo the repetitive nature of the
experiments makes it necessary to explore sommaliee approaches.

« Lack of quantitative theory and simulation model for crowd panic

Systematic studies of panic behaviour and quanitdheories capable of predicting
such collective dynamics are rare. Even thoseiagidimited models of crowd panic
are in need of a better modelling framework. Thifficdlty is due to the lack of

complementary data to test the model’s predictigpability as mentioned above.
Hence, most study on crowds focuses on modellingnab evacuation processes
rather than panic situations. There is also a gagesting the model with a detailed
analysis of the effect of change in behaviouraliatems (model parameters
appropriate to individuals of diverse sizes andabvejurs) on the outcome of the
crowd panic model. Such analysis has not been abedun the existing studies. It is
necessary to consider those factors to assist emeygplanners in making safer
decisions. Such tests of model robustness helpldotify whether the core theory

underlying the model is correct.

« Application of knowledge on collective dynamics of non-human organisms to
pedestrians

Limited studies on the collective dynamics of ansnaighlighted the importance of
dynamical features of collective patterns. HoweWiedings from these studies have
seldom been applied to the study of human colleatiynamics. There is a lack of
knowledge on how and to what extent the study efdbllective dynamics of non-
human biological organisms can be applied to thelysiof crowd panic. There is
potential opportunity to explore the contributiohat research with non-human
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organisms could make to understand the complex speaie behaviour and the

enhancement of pedestrian safety during emergegregs

The above mentioned major gaps in the existing kedge have influenced the
framing of the aim and objectives of this disséstat The following chapter outlines
the research methodology and the approach tak#msirstudy to address the gaps in

knowledge highlighted above.
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CHAPTER 3 RESEARCH METHODOLOGY

3.1 Objectives

Based on the knowledge gaps identified in the Glrapt the following specific
objectives have been developed to fill the gapes€hobjectives are consistent with

the overall aim described in Chapter 1.

1. To establish the viability of using non-human origars in the development of a
pedestrian crowd model.

2. To develop a simulation model for crowd dynamicslememergency conditions
based on animal dynamics, which is capable of sitmg the effects of
microscopic variations in pedestrians’ egress bielayv

3. To develop a method for scaling the model pararaétem non-human organisms
to pedestrians.

4. To test the application of the model in assessim dffectiveness of practical

solutions for improving the safety of crowds.

3.2 Methodology

Achieving the research objectives requires that gtudy draws on concepts from
traffic engineering, micro-simulation and biologihe overall research approach is

summarised in Figure 3-1.

The extensive literature survey, reported in Chapieprovided the foundations for
the study by drawing insight from literature coweriboth pedestrian traffic and
biological perspectives. This provided a basisdssessing the existing theories and
models for collective pedestrian dynamics and ahidymamics; relevant existing

empirical data; and most importantly identifying tknowledge gaps.
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Figure 3-1: Conceptual flow chart of the research approach
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The lack of complementary data on human panic @itaecal gap in the study of

collective human dynamics that has limited the tgweent and assessment of
models in this context. That lack of data is mds#ly a major factor explaining why

very few models focus on panic situations. The lodilthe literature is restricted to the
study of normal evacuation processes. Even tharasers responsible for developing
the few existing models of crowd panic have idéesdifthe need for more rigorous
modelling frameworks and the development of apgreado assess the reliability of

model predictions.

To overcome the severe limitation that lack of ctanpentary data on human panic
has on the development of pedestrian models, erpats with non-human organisms
under panic conditions represent a promising aadiliée opportunity. As highlighted
in literature review, studies that included expenms with mice and rats (Hirai and
Tarui 1975, Saloma et al. 2003) and ants (Altshedex. 2005) have demonstrated the
viability of using these organisms to study coileetpedestrian dynamics under
emergency conditions. Using ants to model pedesttraffic behaviour shows
promise, since they naturally form collective trafind follow physical paths in ways

that resemble human crowd movement.

Ant-inspired solutions to crowding problems might lspecially useful, in that
humans have been dealing with traffic congestianofdy a few hundred years at
most, while ants have been dealing with congesii@r millions of years of evolution.
Any common features of dynamical behaviour of artd human pedestrians could
make ant colonies a potentially valuable resourge tésting models of panic
behaviour and designs to ameliorate crowd disagteusd 2006). Nishinari et al.
(2006) state that there are similarities betweets am a trail and pedestrians in
evacuations, since both try to follow the signals other individuals (through
pheromone on a trail and information from one’ssegad ears, respectively). They
proposed a pedestrian model based on the apphcatithe concept of ants trails to
model normal (non-panic) evacuation processeshilés et al. (2005) suggested that
some features of the collective behaviour of humamd ants can be quite similar
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when escaping under panic, despite sizable difte®between traffic in humans and

ants in normal conditions.

The above mentioned experiences of using antsewiqus studies implied that ants
may be effectively used as model organisms forngstheories of escape panic.
However, there have been no further studies usimg as test organisms to study
crowd panic. Ants offer a number of advantages @megpto other organisms for the
study of crowd panic, including their ready availity ease of handling, and the
simplicity of the equipment needed to perform thpeziments (Shiwakoti et al.

2009a). Also they are social organisms (HolldoBlévilson 1990) which make them

generally comparable to human. Likewise, therenamay species of ants (Hoélldobler
& Wilson 1990) which may enable researchers to oonhdtudies around specific

properties that a species may possess.

One needs to be careful however when comparingtamismans. There may be some
large taxonomic differences that should be explofdslo ants are generally believed
to be non-selfish in nature (Holldobler & Wilson9). However, new research
suggests that ant society is also rife with corptand cheats similar to human
society and that they are not always non-selfishgft¢s and Boomsma 2008, BBC
2008). In the study, researchers used DNA fingetipg on five colonies of leaf-
cutting ants. They found that the offspring of sdiaihers (called “royal ants”) were
more likely to become reproductive queens thanrsthiEhese so called “royal ants”
pass the gene on selectively, to ensure thatdiffispring become reproductive queens,
not only workers. Previously it had been thouglat #int queens were the products of
nurturing i.e. some larvae were fed certain foadgrompt their development into
gueens (Hughes and Boomsma 2008). However, tleanes revealed that these
“royal ants” cunningly spread their offspring toveeal colonies, so that the unfair
advantage to their offspring is not spotted. Témearchers with those findings also
underline that social evolution in very differeakbnomic groups can be understood

from the same general principles (Hughes and BoarZ008).
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Bourke & Franks (1995) mention that both co-operatand conflicts exists in ants
society. Thus, it can be expected that ants alew Selfish behaviour depending on
circumstances. It is also to be noted that ant®whpsen for the experiment under
panic conditions and not for non-panic conditiols.panic conditions, collective

intelligence dominates the individual intelligencalike in non-panic conditions

where it is vice versa. Likewise as mentioned evmus study (Altshuler et al. 2005),
there are some similarities between human andpamis escape. If one could observe
those similarities for relatively adequate time ansituation that is comparable to

escape panic in people, then one can assume tisatvare behaving selfishly.

With these previous researches in mind and basethemesources availability and
limitations, Argentine antd_{nepithema humilehave been selected as test organisms
in this dissertation. One of the advantages ofgugirgentine ants is that these species
are reported to display natural evacuation profle=Brun et al., 2007). These ants are
native to the Rio Paran’a drainage of subtropicaltts America (Wild, 2004), where
flooding regularly forces colonies to evacuate rthedsts and seek refuge in trees
(LeBrun et al., 2007). Thus, the dynamics of callec movement during the
abandonment of a nest are likely to be a part emtdtural repertoire of behaviors in
this species. In areas where Argentine ants has imteduced, colonies seem to
abandon nests frequently (Heller & Gordon, 2006ygesting that the dynamics of
departure from a nest may have large effects congditness. Also these species are
found in abundant in Melbourne, Australia (ABC 2POfor conducting the
experiments. They have become invasive worldwidd ame major ecological
concerns in many countries including Australia (AB@5). There is also no animal
ethics clearance required for performing experimesith these species of ants at
Monash University. According to Monash UniversiB008), only live non-human
vertebrate or live crustaceans, octopus or squigiire animal ethics clearance in

research.
Insights from the experiments with panicking Argeatants, along with previous

studies on animal dynamics and pedestrian dynamacs, then used in the

development of a simulation model. The simulatioodel has been calibrated and
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validated on the basis of its ability to accuratgisnulate both panicking ants’ and
pedestrians’ traffic. Scaling concept derived framology has been employed to
enable the model to simulate the collective dynanatindividuals which range in
size from ants to human. The model has been téstecbllective pedestrian traffic
both for panic and non-panic (normal) situationsrider to demonstrate the capability
of the model in accommodating both panic and norceaditions within the same
framework. For panic scenarios, the model has baédated through scaling of the
ants experiments scenario to a human case. Forahgruations, the model has been
validated through experimental data on pedestrafid. With the developed model
and knowledge gained from the ants experimentsowsrdesign solutions has then

been tested to assess their potential to enhaacathty of pedestrian crowds.

In the next chapter, experiments with panicking eéatine ants are presented to gain
insight into human panic.
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CHAPTER 4 EXPERIMENTS WITH PANICKING

ANTS

4.1 Introduction

As discussed extensively in the literature reviewl sesearch methodology chapters,
using ants to model pedestrian traffic behaviowwshpromise. To gain insight into
human panic, a series of experiments were perfommgdArgentine ants under panic
conditions. The main motive for the experiments wa®bserve and study how the
collective movement patterns of the organisms Heetad by the layout of the escape
area or the presence of certain geometrical stretinn the vicinity of the exit. These
experiments reflect an original attempt to study eéffect of geometrical structures on
the collective movement patterns of non-human iestitluring rapid egress and

translate those results to the study of human panic

Pedestrian models have generated a number of Suagrior counterintuitive
predictions. For example, escape rates will be eecddhif there is a partial obstruction
or barrier (such as a column) on the “upstreamé siflan exit (Helbing et al. 2002),
although empirical validation of such models in ipagituations remains incomplete
(Shiwakoti et al. 2009a). Also in biology, littlétention has been given to the study of
the effect of nest design elements on collectiveren@ents of social insects (Burd et
al. 2010). Social insect colonies face a numbethoéats that may require rapid
movement. For example, ant colonies often abanidein mests in the face of flooding
(Wilson, 1986), attack by predators (Wilson, 19D8oual, 1983), or raids by slave-
making ants (Trager and Johnson, 1985). These mawvsmare often described
gualitatively and anecdotally, but there has betle in the way of quantitative or
experimental tests of nest evacuation. The expetirtiat is reported here addresses
those gaps in the study of alarm traffic in soaigkects as well, by drawing attention
to the wider issue of the relation between nestitacture and internal traffic under

alarm conditions.
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The experimental scenarios presented here aramitéd only to ants, but could be

tested with other biological entities like mice,esp, etc., according to resource

availability. Ants, however, as discussed extengiirethe research methodology, are

more appropriate organisms to use for these expetsnThe ants used for the

experiment are ‘Argentine’ antd.ifiepithema humile Initial insight from these

experiments featured in an Australian Broadcastagporation (ABC) television

segment and can be viewed online (ABC TV 2008).sfumy collective movement

patterns under panic conditions, five scenarioexpierimental trials were conducted.

They are mentioned as below:

1. Ants escaping from a circular chamber with paxiadtruction (a column) near the
exit (30 repetitions).

2. Ants escaping from a circular chamber without padbstruction (30 repetitions).

3. Ants escaping from a square chamber with exit@ttiddle of the side walls (10
repetitions)

4. Ants escaping from a square chamber with exit atdbrner of the walls (10
repetitions)

5. Ants escaping from a square chamber with exit atrthiddle of side walls and
partial obstruction (via a column) near the exitgpetitions)

It is to be noted here that more number of repboast of the experiments reduces
variability in experimental results thereby incriegstheir significance. As performing
experiments with biological organisms is a timestoning task, tradeoffs were made
between the time constraints for this study anchtimaber of replications. However, it
is expected that the number of repetitions chobewve provides the confidence level

with which conclusions can be drawn about experiaidactor.
In performing ant experiments, due care was takanihimize the injuries and death

of ants as much as possibléhe ants were released to their natural habitat dlfte

completion of the experiment.
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4.2 Collection of ants colonies

Colony fragments of Argentine ants were excavatethfthe grounds of Clayton
Campus of Monash University (37°58 145°07E), Victoria, Australia. The colonies
were collected up to a depth of 15 cm from the gdourhe soil containing the ants
was placed in plastic tubs. The plastic tubs haar thides coated with Fluon to
prevent the ants from escaping from the tubs. f{lihs were stored in a constant
temperature (C-T) room to create favourable coogifor the ants. Artificial nests
were kept into the tubs in the C-T room in ordeativact the ants towards those nests
from the soil. The artificial nests consisted afiecular chamber that was glued to a
plastic base, which was itself the lid of a corgaiholding about 300 ml of water. A
small cotton wick connected the reservoir and thst imterior to draw up water and
humidify the chamber. The humidity from this wicktieed the ants to nest in the
apparatus. Ant food was provided regularly for #ets. Soil was occasionally
removed from the tubs in order to make nestinghendoil less preferable. However,
the process of collecting sufficient number of dotsthe experiment via artificial nest
was a time consuming task. In order to reduce dileation time for ants, in the later
stage of the experiments, the ants were colledbedugh a tool called an ‘ant
extractor’. The ‘ant extractor was developed ath@u of Biological Sciences,

Monash University.

The ‘ant extractor’ consisted of cylindrical PVCo(pvinyl chloride) tube that had a
hole near the base. Inside the cylindrical chamtbere were four layers of circular
moulds of clay tied to a rod. The moulds were sdake water to create moist
conditions inside the chamber. The cylindrical cheamwas kept in the plastic tubs
and the soil in the tub was dried through hot eanf a heater. As the soil began
drying up, the ants moved up from the soil and redtehe cylindrical chamber
through the hole in the bottom. Due to favourabldaditions (moist environment)
inside the chamber, the ants made their nest ormihn@lds. When the population
within the artificial nest/‘ant extractor’ was stal{200-250 in number), the artificial
nests/ant extractor was then transported to therdadry for the experiment.

Photographs of equipments pertaining to ant calleare presented in Appendix A.
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4.3 Experimental setup

Figure 4-1 shows the schematic diagram of the etawmu chambers for circular
chamber and square chamber experiments. For tbelarirevacuation chamber, the
nest was made from an upturned transparent plasticdish lid, 35 mm in diameter
and 4 mm deep. Each nest had a single “mouse kakednce/exit that was 2.5 mm
wide and 2.0 mm high. These dimensions allowed paged passage of a single ant
into or out of the nest, or somewhat encumberedgggsof two ants simultaneously.
The square chamber experiments used wooden chamieasuring 31mm by 31mm
(an equivalent area to that of the circular chanavea). The exit width and floor-to-
ceiling depth were the same as in the circular denmexperiment. The square
chambers were covered with transparent Fluon coplkastic lids to prevent ants
escaping out from walls. To study the effect gbaatial obstruction to the exit, a
circular plastic column 5 mm in diameter and 4 nathwas placed 2 mm in front of
the exit, slightly asymmetrically to the main agisthe exit. A small hole was created
in the roof of the chamber to inject citronella (asect repellent liquid) for creating

panic.

In the laboratory, ants in the artificial nests aggemoved into a plastic box (33x
23x12 cm) with Fluon coated interior sides. In cadge‘ant extractor’, the rod
containing the moulds was taken out and then aate Wrushed off from the moulds
inside the plastic box. The evacuation chamber fffie scenarios) on which the
experiment was to be conducted was then placedhetbox. Each experimental trial
involved a group of 200-250 ants which were swgfitito create a high density
environment for the given chambers. The plastic Was left overnight in order to
allow the ants to settle and occupy the evacuatlwember before conducting the
experiment. Also ant food was provided in the ptaBbx. The evacuation chamber
was humidified through the same process of credtumgid condition in artificial nest
during collection of ants. For square chamber e@rpats, a pathway made of sticky
rubber attached and flushed to the base of thewsastcreated. The purpose of that

was to make the counting of the escaped ants easier
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Figure 4-1: Schematic diagram showing evacuaticeamtders for circular chamber

experiments (a) and square chamber experimentscattier exit (b) and middle exit

(€)
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4.3.1 Preliminary trials

Some preliminary trials were first conducted to foom the symmetry breaking
phenomena as previously reported (Altshuler e@05). With the experiments on
Cuban leaf-cutting ants, Altshuler et al. (2005)arted that their experiments with
ants agree with the symmetry breaking (ineffectige of exits) by panicked crowds

(Helbing et al. 2000). The motive for confirminigat phenomenon with Argentine

ants was to develop confidence in the appropriaenéthe model organism and the

experimental setup for the intended study. To sttiey effect of multiple exits,

evacuation chambers with two exits and four exiterencreated with the same
dimensions as mentioned for the circular chambpeement. Three repetitions were
conducted for the two-exit experiment while oneetémn was conducted with four
exits. It is to be noted that these preliminaral&rito test symmetry breaking had
certain differences to the experimental setup coeth#o Altshuler et al. (2005) as
follows:

 The experiment uses different species of ants ([#nge ants vs. Cuban leaf
cutting ants)

* The Argentine ants are encouraged to make thetrimé¢se evacuation chambers
in a natural way by themselves in the experimehis ¥ in contrast to Altshuler et
al. (2005) where the ants were manually pickedng@aced in the test chamber.
Also they evacuated the chamber almost immedid@lgwing placement of
Cuban leaf cutting ants.

* The density of ants considered for each experinhéntd is around 200-250,
which is much higher than in Altshuler et al. (2R0Altshuler et al. (2005) used
only 66 Cuban leaf cutting ants for the experim&wgsearch shows that a high-
density environment is much riskier than a low-adgnene (Still 2000).

* One additional experiment with four exits was ataoried out to see the effect on
asymmetric escape with increase in exits. Altshderal. (2005) performed

experiment with two exits only.

In order to create panic, an attempt was madetbrgtject diluted ethyl acetate into

the chambers using micromanipulators. However, as woticed that diluted ethyl
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acetate, although highly repellent, was too toxic the Argentine ants, leading to
rapid deaths of ants. Trials were then made withitipection of 10 micro-litre of

citronella liquid (an insect repellent) in the ewatton chamber, as mentioned in
Altshuler et al. (2005). Ants rushed toward thet(ski when the citronella was
introduced, in a manner reminiscent of humans oroavd panic. The smell of the
citronella repelled the ants. The ants were ndedilunless they came into contact
with the concentrated droplets of citronella. Heng&onella liquid was selected to
create panic among Argentine ants. The experinveaits recorded via digital camera.
The number of ants that escaped from each exitmemssured by manual counting
from playback of digital video recordings. In theotexit experiments, the average
difference in exit usage was 28%, while in the fexit experiment the relative use of

two exits out of the available four exits was 74¢shown in Tables 4-1 and 4-2.

Table 4-1:Number of ants evacuating in different exits ofrobar with two exits

_ No. of ants evacuating at Difference in
Experiment Total no. of ants

1st exit 2nd exit exit usage*
1 106 (approx.) 61 41 20 %
2 155 (approx.) 113 39 49 %
3 235 (approx.) 130 99 14 %

*Remaining ants injured or remained inside

Table 4-2: Number of ants evacuating in different exits ofrobar with four exits

No. of ants evacuating at Relative % use of

. Total no. of _
Experiment : 1st 2nd 3rd 4th  two exits out of four
ants
exit exit exit exit exits
145
1 59 45 21 16 74 %
(approx.)

Figure 4-2 shows the snapshots from the experimvéhtmultiple exits. Preliminary
experiments with two exits and four exits thus pedanto ineffective use of available
exits, as predicted for humans escaping under p@fetbing et al. 2000) and for
Cuban leaf cutting ants (Altshuler et al. 2005)wdwer, it is to be noted here that the
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number of repetitions performed for these preliminaxperiments are few for
statistical significance and are thus indicativ&ufes only.

Still (2000), with a simple calculation based ometwork, reveals that network

analysis as followed in building guides for crowghtrol needs to be updated. Still

highlights that when a network offers alternatiyes egress, the impact of losing

some of these in an emergency has to be part ciie¢y calculations. This symmetry

breaking phenomena is not only observed in non-imuemtities and pedestrian traffic

but also has been a notable problem in vehiculacwation. In mass vehicular

evacuation, such as in New Orleans, unbalancedfube available escape routes has
lead to inefficient evacuation (Wolshon, 2002).

Citronella four exits
injection point

Majority ants
escaping at one
exit

Figure 4-2: Preliminary trials orsymmetry breaking phenomenon in two exits (a)
and four exits (b) experiments

4.4 Experiments

The success of preliminary experiments on symmuatepaking confirmed the realism
and efficacy of the experimental setup, and allowexicontinuation of the intended
experiments for this research study. Experimentsewest performed with and
without the presence of a partial obstruction (ooi) near the exit in the circular
evacuation chamber. Thirty repetitions for eachhade (with or without the column)

were conducted. After completion of these trialse experiments with a square
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chamber were initiated. There was no control on tihee that each trial was

performed, although they were performed in theraften or in the evening. The
injection point of citronella was at the back ottbhamber for circular chambers
while it was at the centre for rectangular chamlaesrshown in Figure 4-1 simply for
convenience in performing the experiments. Howetlare is scope to account for
variations in agents (here ants) capabilities imgeof their physical features and their
proximity to the threat (here citronella) in futur€he citronella was injected in a
cotton wick inside the chamber and not directly aghnohe ants. The cotton wick
diffused the smell of the citronella, creating gammong ants. The evacuation
chamber and the plastic base (on which the evawuathamber was glued) were
rinsed with water after filming to remove any tracef citronella in them. The

evacuation chambers and plastic base were reussdaaminimum of two days later

to allow additional time for any smell of citrorello diffuse.

4.4.1 Observations and Measurements

The experiments were recorded through digital vidéw body lengths, mass, speed
and reaction time of Argentine ants were measufdte sampling for those

measurements was done for 100 ants in random oFtdermeasurements of the body
lengths of the Argentine ants are shown in Tab8 ¥hile the mass and speed are

shown in Table 4-4.

Table 4-3:Measurements of body lengths of the Argentine ants

Measurement Head Head Thorax Thorax Abdomen Abdomen Total
length width length width  Length Width Length

Mean

dimension(mm) 0.65 0.53 0.98 0.36 0.87 0.53 2.50
Standard

Deviation (SD) 0.02 0.01 0.02 0.01 0.03 0.01 0.05
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Table 4-4: Measurements of the mass and speed of Argentise ant

Measurement Mean Standard Deviation(SD)
Mass () 4.8<10Y 4.67x107

Speed (mm/s) : normal 3.56 1.33

condition

Speed (mm/s) : panic condition 9.91 4.05

Figure 4-3 shows the snapshots from the experimghtcircular chamber and square
chamber experiments. From the video data of thesraxents, the pre-evacuation
time, evacuation time and number of ants that estapas measured by manual
counting from playback of digital video recordingd/hen panic was created, the
density of ants became quite elevated near theeméstresulting in frequent contacts.
However, they tried to avoid colliding with eachthet when they were very close
(<1mm) or when contact actually occurred. The dhts had restricted movement
near the exit. Between 1mm to approximately 8mneriimtdividual distance, the
density of ants was not as great as it was neagxite In that zone, mobility of ants
was not as constrained as it was near the exitoey8mm from their nearest
neighbour, the ants were attracted to the exit andom basis. The existence of these
different zones can be conceptualized as zone#trat&on and repulsion, similar to
what have been observed in the collective dynamicschools and flocks (Okubo
1986). Thus, it is observed from the experimenéd the repulsion zone existed at a
distance less than 1mm while attraction zone eXistéter 1mm and up to

approximately 8 mm.
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Citronella
insertion point
to create panic

Uncoordinated
flow at exit _
without column fse= 1

Flow channelled at
exit due to column

(b)

Exit at
corner

Column near the
exit at middle of a
wall

Exit at middle
of a wall

Figure 4-3: Snapshots from the experiments: circular chamiétsand without the
column near the exit (a & b), square chamber withh at the corner (c), square

chamber with and without the column near the eixtha middle of the side walls (d

& e)
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4.4.2 Results

In this section the results from the circular chamexperiments and the square
chamber experiments are presented. The efficiehtlyeoescape of ants for each set
of experimental treatments was compared througlevheuation time for the first and
second cohorts of 50 ants. These cohorts were dmnesi primarily to capture the
urgency of escape. It was observed from the exmatisnthat the urgency of escape
was very high usually for the first 120-150 escapet$. Afterwards, ants preferred to
remain in the nest or escape slowly. With the fastl second cohorts of 50 ants,
consistent observations of panic escape could ba#enaaross all replications. For
every trial, the elapsed time (to the nearest scbetween injection of the citronella
oil and the escape of the cohorts of 50 ants wassured, as determined by playback

of digital video recordings of the escape.

These data were analysed by a repeated-measure¥ ANGke standard ANOVA,
repeated measures ANOVA tests the equality of mddowever, standard ANOVA

in this case is not appropriate because any ctioelaetween the repeated measures
violates the ANOVA assumption of independence. Rtgge measures ANOVA is
used when all members of a random sample are neghander a number of different
conditions. As the sample is exposed to each dondit turn, the measurement of the
dependent variable is repeated. In the ant expatinescape time for 50 ants was the
dependent variable, the two experimental treatmfotse.g. with/without column)
formed the between-subjects factor, and cohortesszpi(the first or second group of
50 ants) was the within-subjects repeated measur¢he following sections, results

from the experiments are presented.

4.4.2.1 Circular chamber experiments

Figure 4-4 shows the comparison of mean escape (thoeg with Standard Error
(SE)) for different cohort of ants for the with/Wwitut column scenario in circular
chamber experiments. Across all cohorts, mean estiape for 50 ants was 14.0
seconds when the column was present and 20.1 seedmeh it was not, i.e., about
44% slower under the ostensibly more favourabtelitimns of an unobstructed exit.
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As shown in Table 4-5, there were highly significalifferences in escape times
between trials with andithout the partial exit obstruction. The main eff@f the
column was substantial. Cohorts differed signifttaim their escapéme (Table 4-5).
Escape times in both treatments were higher fofitee50 ants than for the next 50.
In any case, escape was always faster in the pesd#rnhe column, and there was no

column x cohort interaction (Table 4-5, Figure 4-4)

30 1

25 -

20 9

15 4

10 9

Mean escape time (s)

1-50 51-100
Cohort of escaping ants

Figure 4-4: Mean escape times for the first and second cold&® ants to leave the
nest under panic conditions. Open symbols inditlaéeabsence of a column as a
partial exit obstructiorand closed symbols indicate presence of a colummor Bars
showzx1 SE.
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Table 4-5: ANOVA results for the effect of column presencebs@nce and cohort

sequence on escape time for circular chamber erpats

Effect df Mean-Square F P
Between-subjects

(Column presence/absence) 1 1142.4 15.71 0.00&
Error 58 72.7
Within-subjects repeated measure

(1%, 2" cohort) 1 351.2 30.4 <0.001
Cohort x column treatment 1 10.7 0.9 0.34
Error 58 115

The presence of a column at the exit generally meddhthe flow of panicking ants as
compared to the absence of a column. The presdreeaumn in front of the exit
channelled the traffic in a manner that did notusagith an unimpeded exit (Figure 4-
3a and 4-3b). One manifestation of this channellivags that lone exits (a single
individual passing through the exit hole rathemti@mporal overlap of two or more
individuals) were more common when the column wasgnt. Of the first 50 ants to
escape in each trial, an average of 24.15(3 SD) were lone exits when the column
was present and 19.% (4.4 SD) when it was absenis(= 2.17,P = 0.022, one tailed
test). The net effect was that the flux of antotigh the exit was improved, on
average, by the presence of the partial obstruction

4.4.2.2 Square chamber experiments

Figure 4-5 shows the comparison of mean escape famdifferent cohort of ants
(first or second group of 50 ants) for exit at thieldle of the wall and at the corner in
square chamber experiments. Across all cohortsnmeeaape time for 50 ants was
12.9 seconds when the exit was at the corner artis#@zonds when the exit was at
the middle. That result in about 58 % faster eviaonalue to the exit location at the
corner compared to the location at the middle efwall. As shown in Table 4-6,
there were highly significant differences in evaaatimes between trials with the
corner and centre exiF{, 18 = 21.85,P < 0.001), that is, the main effect of the corner

exit is significant. Cohorts differed significantip their escapéme (Table 4-6).
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Escape times in both treatments were lower forfitge 50 ants than for the next 50.
Escape was always faster with exit located at ttrmer, and there was no exit x
cohort interaction (Table 4-6, Figure 4-5).

The location of an exit at the corner generallyucsdi the evacuation time as
compared to the location of an exit at the cenfree reason for this reduction in
evacuation time could be the minimization of chamgéirection of escaping ants in
the corner exit. At the centre exit, ants escafriog both side walls near the exit had
to change their direction in order to evacuate.tThaulted in interactions with the
ants that were moving straight towards the exitthie corner exit, the ants escaping
from the side walls near the corner could passutfitavithout much change in their
original direction. This result demonstrates thde rthat change in direction of
individual members in a crowd (during collectivendynics) can play during the
escape of a crowd. This represents an importanérbon of this field of research

and is considered further in section 8.3 of Cha@ter

30 1
25 1
20 A

10 1

Mean escape time (s)

1-50 51-100
Cohort of escaping ants

Figure 4-5: Mean escape times for the first and second cobb&6 ants to leave the
nest under panic conditions. Open symbols inditdateexit located at the middle of
the wall and closed symbols indicate the exit ledait the corner. Error bars shadv
SE.
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Table 4-6:ANOVA results for the effect of exit at corner/middand cohort sequence

on escape time

Effect df Mean-Square F P
Between-subjects

(Exit at corner / middle) 1 551.75 21.85 <0.001
Error 18 25.25
Within-subjects repeated measure

(1%, 2" cohort) 1 133.66 20.97 0.0601
Cohort x Exit treatment 1 0.19 0.03 0.87
Error 18 6.38

Figure 4-6 shows the comparison of mean escapeftintbe first and second cohorts
of 50 ants in trials with and without a column n#@ exit at the middle of the wall.

Across all cohorts, mean escape time for 50 ants M35 seconds when the column
was present near the middle exit and 20.4 secontisei absence of column, that is,

34 % reduction in evacuation time due to the preser the column.
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Figure 4-6: Mean escape times for the first and second colbbb&8 ants to leave the
nest under panic conditions. Open symbols indioaitidle exit without column and

closed symbols indicate the middle exit with colurrror bars show1 SE.
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Although the repetitions were fewer (only 5 repetis for column scenario), there
were significant differences in evacuation timesween trials with and without
column near the centre exki(13= 9.8,P =0.008), as shown in Table 4-7. The main
effect of the column is significant. Consistent twithe results of the circular
chambered experiment, the presence of column heacdntre exit was efficacious
(compared to absence of column) in the square chdlexperiment as well.

Table 4-7:ANOVA results for the effect of column presencdésence near the centre

exit and cohort sequence on escape time

Effect df Mean-Square F P
Between-subjects

(Column presence/absence) 1 315.20 0 9.8 0.008
Error 13 32.14
Within-subjects repeated measure

(1 2" cohort) 1 77.43 13.77 @00
Cohort x column treatment 1 0.18 0.18 0.68
Error 13 5.62

4.4.2.3 Pre-evacuation time

The reaction time (pre-evacuation time) of the dwfre they start evacuating the
nest was also measured. The reaction time wasdsresi to be the time that elapsed
between the injection of the citronella to the chamand the time when ants began to
evacuate the chamber (benchmarked by the escapkeofirst 3 ants from the
chamber).

Figure 4-7 shows the distribution of the pre-evéiomatimes of the ants based on 90
observations. The majority of the reaction time8%9 were below 10 seconds with
the average being 5.5 seconds. It was observedhéaints which were near to the
citronella injection point pushed the ants thateweearby and those ants then pushed
the other surrounding ants, continuing like a chaaction until the ants began to

leave the chamber. The chain-reaction mechanismeowimunicating the danger
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conditions among ants may provide an insight iht pgossibility of developing such

mechanisms in cases of human panic.
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Figure 4-7: Distribution of pre-evacuation time of the ants

In human evacuation, total evacuation time consifthe sum of the pre-evacuation
time and the evacuation time (to leave the exiemclosed area). However, limited
data exist on pre-evacuation times for humans. Nlysuzonsideration of pre-
evacuation time is ignored (due to difficulty intiegting its value) or assumed
(usually between 0 and 120 seconds) in simulat@setd on modellers’ experience
(Daamen 2007). From the ant experiment, the obBensgsuggest that inclusion of
higher pre-evacuation time (at least more thaneb@rsds) is justifiable for estimation
of pre-evacuation time in simulations of the hursase. This is supported by the fact
that even the ants, which are known to be usualhpmerative and non-selfish by
nature (Holldobler & Wilson 1990), took on averdgb seconds to react to the event
(citronella) and begin to evacuate. In one studatireg to human evacuation trials
(Tavares et al. 2007), pre-evacuation times wehleated from the experiments and
these ranged from 5 to 98 seconds with a meanyaeuation time of 46.7 seconds
(based on two trials). That study also supportsath@ve stated assumption of using

higher pre-evacuation time based on ant experiments
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4.5 Summary

This chapter presented the experiments with Argerdints under panic conditions to
gain insight into human panic. Five different sc@sa of experimental trials were

attempted. These experiments reflect an origindl ianovative attempt to study the
effect of architectural features of the escape toahe collective movement patterns
of non-human entities during rapid egress. The otethf collection of ant colonies

and creation of artificial nests for the experimeras explained in detail. That is
believed to assist other researchers in creaticudi artificial nests and experimental
setup for future experiments. Discussions fromiprekary trials of experiments were

presented before presenting the results from theedcenarios of experimental trials.
The preliminary experiments assisted in arrangihegduitable experimental setup for

the intended study.

From the video data of the experiments, evacudiime and number of ants that
escaped was measured by manual counting from mlydfedigital video recordings.
Those data were analysed through repeated mea8M@¥A. The ANOVA test
revealed that the small structural adjustmentsnirescape area can have significant
effects on the outflow of the individuals. The greacuation times for the ants were
also extracted. The data suggested the inclusiohigifer pre-evacuation time in

considering total evacuation time.

The empirical data analysed and observed from xipereaments represents the key
dimension of this field of research and providesfthundation for the next chapters 5,
6, 7 and 8 of this thesis. Specifically, these ieicgd data provide various testing and

validation scenarios for the prediction model tadlegeloped in the next chapter.
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CHAPTER 5 DEVELOPMENT OF MODEL

(EMSIM)

5.1 Introduction

This chapter is dedicated to the development aidsional continuous space with
discrete time step updating simulation model Em@EmergencySimulation) for
collective traffic. The model is based on obsenrsifrom ants experiment, previous
studies on animal dynamics and collective pedestdgnamics. As the model is
required to simulate collective traffic across aesigap as large as ants and
pedestrians; for consistency, non-human organism@Eedestrians are referred to as
‘individuals’ throughout the model development. eTipedestrian crowd is treated as
an ‘emergent system’ for model formulation. Emetggystems, also referred to as
self-organized systems, arise from ‘The emergem@gder on a global scale through
interactions on a local scale’ (Charlotte 2005)iSarder has been observed in flocks,
herds, schools, etc., where entities with limitetéliigence interact locally, which in
turn leads to the emergence of group behaviour giolal scale (Charlotte 2005,
Pfeil 2006). For example, an ant colony exhibiteegent order where each individual
ant, following a simple rule of pheromone depositas it travels, contributes to the
establishment of a complex interactive communicatigstem (Hoélldobler & Wilson
1990). The simplicity of such interactions in vaisobiological entities has motivated
the development of the model in this research an absumption that pedestrian

crowds act as an emergent system.

Figure 5-1 shows the interdependence between theaavigoals, interactions among
individuals, and the emergent group behaviour. Hedestrian crowds escape under
emergency conditions is highly dependent on howgtmip goals and individual
goals are constituted and coordinated in thosatsitos. The basic philosophy is to
address the complexity of human behaviour by assigeach individual (having
limited information) with simple locomotion rules @ghose observed from collective
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animal dynamics, and observing the emergent grahmwour based on the local
interactions of the individuals as shown in Figle. If the simulation model
produces the observed emergent behaviour, suatrraation of lanes, oscillations at
bottlenecks, herding and pushing behaviour durimgrgency conditions, then that

result reinforces the validity of the model.

Individual’'s
interactions

Figure 5-1 Interdependence between the individual, interastamong individuals,

and emergent group behaviour.

5.2 Model formulation

Previous studies on collective animal dynamics (@kt986, Matuda & Sannomiya
1985) and limited studies on collective human dyieanfHelbing et al. 2000) have
been based on Newton’'s law of Motion. Hence it banassumed that Newtonian
mechanics can be a platform for modelling collextidynamics. Newtonian

mechanics state that a temporal change of the moimeof an individual occurs in

the direction of the net forcE which is the product of massn(, ) and acceleration

(a,) as shown below by Equations 5-1 and 5-2

m,d, =F (5-1)
2
m, ?:u;( -F (5-2)
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For a number of individuals N ), the forces [faﬁ) acting on individual @) from

anotherindividual (£) and from the surrounding environmelﬁNg,), such asumber

of obstacles and walld\,,), would be

B=1(a%p) 1

3, i{ S (F,) + ZF} (5-3)
mﬂ

If one specifies the forces such as in Equation 8 motion of an individual is

uniquely determined as the positi@ft) and velocityv(t ). These could be updated in
each time stefgAt from the integration of the Newton’s equation ajtran as shown

below by Equations 5-4 and 5-5

X(t + At) = (1) + V(t)At +%é(t)At2 (5-4)

V(t +At) = V(t) + %[é(t) +a(t + At)]at (5-5)

The important issue here is to identify and reprnetigose forces that would be able to
produce the collective dynamics of the individuafeder emergency situations. To
understand the nature of these forces, real datauofan panic under emergency
conditions are required, however those data are. rElence experiments with

Argentine ants were conducted to gain insight miman panic in Chapter 4.

5.2.1 Modelling collective forces

Based on the ants experiments described in Chapter number of forces are
formulated that are important to represent thereaifi collective forces. These forces,
as detailed in the following sections, underlie thetailed development of the

modelling framework.
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5.2.1.1Impulsive forces

Panic among ants is associated with increase émnflespeed from 3mm/s (normal) to
9mml/s (panic) as observed in section 4.4.1 of GwaptThis phenomenon of increase
in fleeing or desired speed is observed in othermaman organisms as well such as
schools of fish and flocks of birds when exposettightening stimuli (Okubo 1986).
An increase in desired speed (more than 5m/s andoupOm/s) has also been
associated with panic in pedestrian crowds, whigh ead to effects such as the
“faster is slower effect” (i.e. increase in fleeisyggeed actually slows down individual),
“pushing / trampling”, and “herding” phenomena (blab et al. 2000). This increase
in fleeing speed could be viewed as the consequehaapulsive or motivational
forces on the part of individuals to move towardsaée place or exit as quickly as
possible. The impulsive acceleration resulting frirase impulsive forces could be

thus modelled as proportional to their fleeing esided speed as shown below

d(t) - p,(t)

a, vy —
d®)-p, )

(5-6)

Where,

a, = impulsive acceleration
v, = fleeing or desired speed

d(t) - p, (t)

- - = unit vector from a particular position of an imidiual p, (t) towards
d®-p, @)

exit d (t)at the characteristic time ).

For accelerative equilibrium of impulsive forcesdatmose resistive forces resisting
impulsive forces, a constant, termed as relaxatioa (7 ) is necessary. In particular,

the use of relaxation timer(") is valid when the resistance force is linearly

proportional to the velocity (Okubo 1980). Henceu&iipn 5-6 can be written as

L d@®)-p,

a =T " Vyi= (5-7)
d@-p, )
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The variations in different desired speeds couddl [® fluctuations in the simulation.
That could be taken into account by adapting theahwelocity of each individual to
a constant desired velocity for all the individuadishin a certain relaxation timer (),

as mentioned in Helbing et al (2000).

5.2.1.2 Local interactive forces

Individual have limited information and vision dogi emergency conditions
(collective motion); i.e., they consider only theings that they can see in their
immediate surroundings. Thus local interactionsiugortant. As observed from ants
experiment in Chapter 4, section 4.4.1, there wadeace of formation of attraction
and repulsion zones (which was the function of rumdividual distance). The
existence of these different zones is similar toatwvhave been observed in the
collective dynamics of schools and flocks. For eglanthe critical distance that fish
in schools maintain from each other varies withétd 25% of their mean body
length, while attractions start at a distance bdytheir body length (Okubo 1986).
Okubo (1986) mentions that a wave of agitation pgaed through schools of fish
exposed to frightening stimuli in an experimenteTarmation of “shock waves” was
due to a rapidly shifting zone in which the fishacted to the actions of their
neighbours by changing their own positions. Theedpef the wave’s propagation
reached 11 to 15 m/s, which is much higher thannta&imum forward speed of
individual fish (about 1 m/s). Similarly, when pegdrs attacked bird flocks,
formation of a “ball” of birds has been observedngl with an increase in their flight
speed. At times, the flock “pulsated” (expandingd aontracting in a spatial sense) as
inter-bird distance varied (Okubo 1986). Kholsh&weni & Samoshin (2005) reviewed
studies on pedestrian evacuation carried out barekers in Russia and elsewhere in
the world and identified the identical structurdscollective pedestrian flow. They
mention that the distance between people constafiBnges and causes local
squeezing which later on disappears and appears. &ach “pulsating” collective

dynamics behaviour is similar in schools, flocksl awarms as explained above.
Assuming that individuals during panicking situasohave limited information and

vision (due to high crowd density and short time égress), there appears to be

striking similarities in the structure and behavaduules of the collective dynamics of

61



several biological organisms, such as schools,ragjatocks, and also human groups.
These behavioural rules, as observed from the exsriments and studied from an
animal dynamics perspectives (Okubo 1980, Matud&aanomiya 1985), can be
represented conceptually as a relationship betwetempersonal distance and the
resulting repulsive and attractive forces, as showRigure 5-2(a) and 5-2 (b) and as
proposed by Shiwakoti et al. (2009b, 2010a). Thyilegion of collective patterns of

individual dynamics to perceived risk results diledrom a change in interaction

range (i.e. the attraction range and repulsioneasgrepresented in Figure 5-2).

The repulsive forces depend on the proximity ofivithials. The magnitude of the
repulsive forces is large when interpersonal distars small, and decrease with
increasing distance until a point where the intespeal distance exceeds the
repulsion range. At that point, attractive forcegin to act on pedestrians to draw
them together, until the maximum point of attractiis reached. At even greater
separation, the attractive forces would start dexirgg and eventually have a
negligible effect. It can therefore be assumed, #min animal dynamics, these zones
of attraction and repulsion maintain the collecttmevements of pedestrian crowds.
While the concept of repulsive forces based onrpetesonal distance has been
addressed previously (Helbing et al 2000), the ingmze of attractive forces has
received limited attention in the study of the eotlve pedestrian motion. It is
important to consider both attractive and repuldmees to capture the “pulsating”
nature of the collective movements of pedestridine “tendency to follow others”
and “strong local interactions,” as observed in ¢b#ective motion of both animals
and humans, provides the foundation for realistitutation models of the collective
motion (Shiwakoti et al. 2008b, 2010a, 2010b, 2011a

62



“

| PP oo ﬂ 0 @ : e 0 : Q ° |
10 ® > 3 3 O 0 ¢
|.’00 .... 00.0.0 .I
1 % e® o © ¢%%%%%%% 3; !
' Y Y
Attraction Zon Repulsion Zone Attraction Zon
(@)
A
Repulsion Attraction
Range ; Range i
Attractive l Maximum
Forces

A 4

Interpersonal Distance

Repulsive
Forces

(b)
Figure 5-2: Conceptual diagram showing the existence of div@aand repulsive
zone during collective dynamics (a) and natureepiitsive and attractive forces based

on interactive range of interpersonal distance (b)

To be included in the model, the local interacfimees (both attractive and repulsive),
as discussed above and represented conceptualliFigare 5-2, need to be
mathematically represented. Inspired from behaliowes in animal dynamics
(Okubo 1980, Matuda & Sannomiya 1985), here itssuaned that local interactive
forces are inversely proportional to the squarehef distance between individuals,

similar to Newton'’s law of gravitation, and given b
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[(Xaﬁ - ra/)’)_/]R] Jﬁaﬂ (5-8)
Xopg —T ﬁ)—ARJZ + A%

IEL :(0W(9aﬁ)(|.( ]
9= @, When(X,, —1,;)< A (repulsive forces)

@=@, When(X,, —1,;)> A (attractive forces)

Where,

IfL: local interactive forces (repulsive and attrag}jv

¢ =constant

X 5= interpersonal distance between individuals (eetdrcentre),

r,z= I, +1z=sum of radii of the circular representation of ithaividuals,

Ag = repulsion distance,

A, = attraction distance,

n,; = normal unit vector.
W(6,;) = a weighing factor that represents the influericéne individual in front and

back

The variation in repulsive and attractive forcesachieved by introducing different

constantsg, and ¢, for repulsive and attractive forces, respectivety,tune the

model for pedestrian traffic. The functid(6,, is)given by

1-cosf,, ?
W(8,;) =1-(T] (5-9)

Where g,, = angle between individualk() and (8)

The weighing factor is maximum when the individu@)(is in front of individual
(a) while this factor keeps on decreasing with theifan of individual (8) at the

side or behind the individuébr ). Figure 5-3 shows the components of the interactive
forces as described above while Figure 5-4 showsthe weighing factor varies as a

function of the angl€,; .
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5.2.1.3 Collision/pushing forces

When ants were moving at high speed, frequentsoofis with mutual interactions
occurred near the exit. At high density or highexhandividuals tend to come very
close and sometimes push each other. In such cestathere is the possibility that
individuals collide or overlap each other in thmslation. Likewise, consideration of
the pushing forces is necessary to take into adcaddiitional delays incurred due to
such mutual interactions. In these cases, repufsioes alone are not enough. These
collisions and overlapping phenomena also have beeotable problem in the study
of rigid spherical body collisions in molecular @dynics (Rapport 19938ell et al.
2005). The problem is usually addressed by invokingng normal forces as well as
frictional (shearing) forces acting tangentiallytvoeen the colliding particles. An
analogous approach can be taken for particle-bsisadation of traffic. As shown in

Figure 5-5, the initial velocity (dashed arrow)gdtverted to a new direction due to a

normal force €,) and a shear force().

o New
Original direction
direction
»

\
\

\

Figure 5-5: Components of pushing forces to avoid collisioadshon inelastic sphere

collision concept of molecular dynamics

Thus, the pushing forceF(,) can be represented by two components; dampear line

spring force (normal forcﬁn) and shear frictional force (tangential fonl:qe, as

shown in Equations 5-10, 5-11 and 5-12.
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F,=aV, +a,&T (5-10)
Fo= iV, + et (5-11)
Fo=F +F =ayV, +a,efi+ uy, +uet (5-12)
Where,

a,=dampening constant,

a,=elastic restoration constant,

v, =relative velocity in normal direction,
£ =overlap,

r=normal unit vector,

W, & i, =frictional constant,
v, = tangential relative velocity,

t = tangential unit vector.

The normal force pushes two individuals apart mukd & compressed spring would
do. Dissipation of the collision energy by the ‘isgf is determined by a damping

coefficient,a;, and the normal component of the impact velodity, The rebound in

the normal directiorn is governed by the compressien(the overlap between the
colliding bodies) and an elastic restoration cagffit a, that reflects the stiffness of
the particles in contact. The tangential force imilsirfly governed by friction
coefficients,/s and tp, the tangential component of the impact velogjtyand the
compressions . While Helbing et al. (2000) proposed a similarp@@ach for
modelling pushing forces, however there are sorfferdnces in the Equations 5-10
and 5-11 proposed in this dissertation. The eetma tr,V,, is added in Equation 5-10
to take into account the effect of relative velpait normal direction as well. Also the

term et considered in Equation 5-11 can accommodate theofaséative velocity
at or near zero. In the absence of tggmt , the frictional force would be zero if

relative velocity is near or equal to zero. It s lhle noted here that the model
representation of these forces does not capturérttemtionality” behind pushing in a

crowd but only its physical manifestation. It idanded to capture only the physical
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consequences of contact between elements of thelcixpressions similar to those

for F_ andF, hold true for repulsive forces from stationary tabtes such as walls

and columns E

Wa)'

5.2.1.4 Randomness

From the ants experiment described in Chapterwa# observed that ants movement
in response to certain stimuli (here citronellagsloot necessarily follow set of rules.
As in animal dynamics, there were predictable rasps such amaxis where animal
demonstrates guided movement towards or away flemstimulus source (Okubo
1980). As citronella was repellent to ants, thepvatd negative taxis resulting
movement away from stimulus source and positivestéowards the exit. This is
similar to what one can expect when a crowd of fe@running away from source
of danger (for e.g. a fire) towards safe place. eisy, in some cases, there were
movements so irregular as can be regarded as amamibtion, especially in the
attraction zone (1mm-8mm inter-individual distanad beyond (>8mm inter-

individual distance) as observed in section 404 Chapter 4.

The above examples of random motion suckliaskinesis which involves change in
the frequency and direction of movement in respdogbe stimulus, oorthokinesis

in which the speed of movement is altered couldobserved in ants experiment
similar to those observed in animal dynamics (OkWLiB80). The increase in fleeing
speed and running towards safe place/exit as moteection 5.2.1.1 could be viewed
as the combination of positivarthokinesis negativeklinokinesisand positive taxis
which result a strong tendency to aggregate towlaedsource of the stimulus (here
safe exit). However, it has been observed that &iregsisis not entirely random and
that the degree of response depends on the strehtith stimulus, so that the motion
appears to be deterministic in a statistical s¢@&ebo 1980). One can expect similar
kind of taxis and kinesisduring collective dynamics of pedestrian crowdswesl.
Thus, when considering the crowd dynamics, it idebeto consider the random

components besides the non-random components.
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In the proposed modelling framework, the non-randmmponents consist of forces
described in section 5.2.1.1 to 5.2.1.3. The distincbs produced due to random
behaviour as discussed above could, however, hdtret several factors. Thus

randomness could be the function of differencepeesl, size, cognitive abilities, and

other biological traits of the individuals as below

& =f (speed, size, cognitive abilities, psychologicalesta.......) (5-13)
Where,

5: fluctuations arising from randomness

For simplicity, in this dissertation, randomness time collective dynamics is
introduced by random distribution of the individaah the simulation, different body

sizes and different body masses of the individfa@lgach simulation run.

5.2.2 Operation of simulation model EmSim

With the collective forces modelled as describedsection 5.2.1, the optimal

instantaneous acceleration of the individual astrmeed in Equation 5-3 now can be

written as

I N T z

8, =8+ ﬂ:l(zﬁ;w;ag +& (5-14)

Or,

a, =a, +—— (FL+F)+ > F,, |[t<¢ (5-15)
My | p=i(azp) 1

It is difficult to solve Equation 5-15 analyticalljhence simulation is the preferred
approach. The instantaneous acceleration as detstroan be updated in each small

discrete time step based on the integration ofetiigations of motion as previously
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stated in section 5.2. Since the model formulageal continuous one, the time step for
the update needs to be very small to minimize ther elue to assignment of discrete
time steps for a continuous model. Hence, the gpj@® time step need to be

selected based on the trade-off between the cotmmahtime for the model and the

observed visual instability during simulation rénschematic diagram explaining the
operation of the simulation model is presentediguie 5-6.
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Figure 5-6: Schematic flow chart of the simulation programragien
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5.3 Scaling model parameters

One can take into account the difference in mageitof the parameters in ant traffic
and pedestrian traffic through ‘scaling effectshal is to say, if one organism was
built to the same design as another, but on ardiftescale, the various characteristics
of the original would necessarily be scaled up @wvnl to produce a working model.
The scaling of morphology, physiology, and lifetbry with body size has interested
biologists for decades (Kleiber 1932, Schmidt-Neeld4984, West et al. 1997, Peters
1999, Bonner 2006), but only recently has the sattemtion been given to the scaling
properties of organismal groups, such as sociakinsolonies (Jun et al. 2003, Waters
et al. 2010). An immediate consequence of sociadi is the emergence of crowd
dynamics, which appear in organisms as diversen@as(foraging trails), wildebeests
(herd migrations), locusts (swarms), and humanew@s on city footpaths). Two
scaling questions might be raised about crowd dyc&nThe first is how collective
properties depend on the size of the group, andséltend is how these attributes
depend on the size of the individuals that comphgegroup. The first approach has
been used by Waters et al. (2010) to examine ¢méeetabolism and behaviours
such as velocity distribution in groups of the &tgonomyrmex californicuthat
range in size from 95 to 659 individuals. In thissgrtation, the second perspective is
adopted to address the crowd behaviour of humamh#&\egentine ants, two species for
which individual body mass differs by a factor dfoat 1.5x 1¢° (comparing an

average pedestrian mass of 70kg and an averagmtrg ant mass of 0.48mg).

A power formula is usually used in biology to déserthe relationship (often termed

an allometric relatior) between an animal’'s body magsl and another of its

characteristic§C (Peters 1999) i.e.

C=k M* (5-16)

Wherek,; andk areconstants
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The change o€ with respect taV is called the scaling of that characteristic toyod
size. These allometric equations are usually tcansfd to logarithms to make it
simpler to draw and interpret the variations in thge of change o€ at different

values oM . It is easier to plot the data with logarithmiartsformation due to the

achieved linearity as shown by following equations

logC =log(k, M) (5-17)
logC =logk, +klogM (5-18)

In biology, many aspects of locomotion follow similar power fawith respect to
body mass even across a size gap as large aodnimans. One of the relations that
are commonly used are the relations that scale manri velocity to size for each
locomotory mode of swimming, running and flying &i®wn in Figure 5-7 (adapted
from Peters 1999).
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Figure 5-7: The effect of body mass\ in kg) on the maximum velocityM,,,, m/s)
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of flying (V OM%® ), and running

max ( fly)
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0O M *%), adapted from Peters (1999).
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Figure 5-7 suggests, consistent with the intuittbaf since larger animals usually run
faster than smaller ones, then maximum speed iseseaith size. The scatter of data
as shown in Figure 5-7 allows exceptions for patic comparisons (e.g. a cheetah
can run faster than an elephant). However, theatiyeaittern shows a positive scaling
relation of maximum speed with respect to body.skz& animals of similar size,
flying is the fastest while swimming is the slowedthe relation that is of interest in

this dissertation is the effect of sigel on) the maximum running speéd. .. as

shown in Figure 5-7 which is given by

Vo, OM%%® (5-19)

Bursts of speed over short distances in human crpavdcs can reach 5-10[st
(Helbing et al. 2000). A scaling exponent of 0.3%l&ed to an average human
pedestrian mass of 70 kg and an average Argentinmass of 0.48 mg implies that
panic speed of the ants should reach 4-8EMm From the experimental
measurements, the average speeds of Argentinechatgyed from 3 to 9 msi*
during normal activity and during induced panidsse enough to accept 0.38-power
scaling for the human-ant comparison. Therefore, doaling model parameters,
simple proportional scaling of the model parametbesed on the body mass

difference between humans and ants has been coetidg using Equation 5-19.

Hence, the scaling factoS() for model parameters is proportionalb®*i.e.

SO mo# (5-20)
Or,

S=yM°® (5-21)
Where,

y = constant

74



5.4 Summary

In this chapter, a 2-dimesnional continuous spaith discrete time step updating
simulation model EmSim was developed for collectidygmamics. The model was
based on the fundamental principle of emergenesyste. emergence of order on a
global scale through interactions on a local scile platform for modelling the

collective dynamics was based on Newtonian mechanic

By drawing on the strength of the three approachesnal dynamics (and ants

experiment), pedestrian dynamics and molecular myc® collective forces were

formulated. The collective forces included follogin

* impulsive forces to drive an individual towardstétarget

* local interactive forces based on repulsion an@etibn zones to take into account
the local interactions between individuals

» collision and pushing forces to represent the maysiinteractions among
individuals

The formulation for the model recognises the rdiebath attractive and repulsive

forces in maintaining the coherence of collectiyaaimics under panic conditions. To

date, consideration of both repulsive and attractiorces has received limited

attention in studies of crowd panic reported in litexature. Also the granular forces

for pushing behaviour were modified to consider ¢hse of discontinuity when the

relative velocity is zero or near to zero.

With those collective forces, optimal instantaneagseleration of each individual
was obtained. The position and velocity of eachviddal were then updated in each
time step from the integration of the Newton’s @@raof motion. The graphics of
motion of individual were also updated with the ngesition. The process continued
for the total simulation time assigned. The outfpain the simulation was the visual
graphics for qualitative validation and data fiéeg( speed, position, evacuation time,

etc.) for quantitative validation.
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An original attempt has also been made to scalanthéel parameters for collective
pedestrian traffic via ant traffic, based on aiscatoncept commonly used in biology.
With that there is scope to compare the collectha@/ement patterns of non-human
biological entities and pedestrians in order toiskegound strategies to aid evacuation.
The developed model EmSim is applied to simulatedraffic and pedestrian traffic in
the next two Chapters 6 and 7 respectively. Itlgo applied to develop design

solutions that enhance the safety of pedestrianason Chapter 8.
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CHAPTER 6 SIMULATION OF ANT TRAFFIC

6.1 Introduction

In this chapter, the simulation model EmSim proploged developed in Chapter 5 is
applied to simulate collective ant traffic as olveer from experiments with panicking
ants. The model must be appropriately calibrateti\atidated for ant traffic before
scaling up to the human situation. Simulation wasdeicted with EmSim to examine
the impact of:

» the presence of a column near the exit, and

» alternative exit locations (i.e. locating the eatithe corner of the walls as opposed

to in the middle of a wall).

The situations indentified above replicate the ades presented in the ants
experiment described in Chapter 4. First the mdedlibrated for scenarios with and
without a column being present. Then the modelakdated with the independent
data from the scenarios with exit at the cornethermiddle of the walls. A total of

200 ants were distributed randomly at the stamaafh simulation. For simplicity in

simulating circular chamber experiment, the expentrwas simulated with a square
chamber of equivalent area (31mm by 31mm) to thmuldr chamber used in the ants

experiment.

In calibrating the model, some of the parameteueslwere measured and obtained
from the experiment (such as desired speed, mass,reaction time, repulsion and
attraction range) as mentioned in Section 4.4.taBse of the difficulty in directly
measuring the other parameters (such as repulsidea#tractive force constants,
dampening and elastic restoration constant, fieti@onstant), those parameters were
estimated from simulation trials so as to replicite experimental scenario. In
assessing those parameters, firstly it was enshegdhese different set of parameters
and input variables prevent ants colliding or omeping each other (unrealistic

behaviour) in simulation. Secondly, several triahdations were conducted to make

77



sure that there were no extremities observed iismot and frictional effect (high rate

of collision or strong static friction). Thus a dexoff analysis was conducted in
estimating those parameters. Thirdly, the specifdue of the parameters was
assessed to minimise the error between mean amdiastadeviation of escape rate of
ants. The values of the parameters calibrateduaad for the simulation are given in

Table 6-1. The time step\() for the update of the simulation was 0.001 s.

Table 6-1:Value of the parameters assessed for the simulatieacape rate of ants

Experimental measurements From estimation
Parameters Value Parameters Value
v, (desired speed) 9 mm/s @, (repulsive constant) 0.1g mn /<
T (reaction time) 0.2s @, (attractive constant)  2.5x 10*gmnf/ &
m, (mass) 3.4x10% g to a, (dampening constant) 0.01 g/s
6.2x10% g
r, » Iz (radius) 0.5mmto 0.6 a, (elastic restoration 8 g/ §
mm constant)
Ar(repulsion 0.5 mm 4, (frictional constant) ~ 0.06 g/s
distance)
A, (attraction 8.0 mm U, (frictional constant)  0.06 g/ 8
distance)

6.2 Simulation results

6.2.1 With/without column at the exit

Thirty replicates were simulated for with/withoublemn scenarios. The same data
were extracted on escape times of individual ants leeadways (the time interval
between the exit of successive ants) between ssigeeants as in the experimental
trials. The exit time (to the nearest 0.04s) of fingt 50 ants to leave the chamber
were extracted. From these data, the cumulative-tiersus-escape sequence pattern
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and the distribution of traffic headways were restancted. For determination of
headways, the exit time was taken from the vidamé& in which th@aster(posterior
portion of the ant’s abdomen) of an escaping awst fileared the outer wall of the

chamber.

Figure 6-1a and 6-1b show the temporal patternsofme for each trial in the two
treatment groups (absence or presence of a colanmont of the exit). Figure 6-1c

and 6-1d show the equivalent data generated by Insodalation (30 repetitions).
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Figure 6-1: Escape pattern in experimental (a, b) and simul@ed) ant crowds. The
horizontal axis indicates individual ants in theder they exit the chamber. The
vertical axis indicates the cumulative time in set Each trace shows an individual
experimental trial or simulation. Results for ttiuenn-absent treatment in (a, ¢) and

for the column-present treatment in (b, d).
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With an unobstructed exit, evacuation times forfttet 50 ants ranged from 10.76 to
48.20 s (mear: s.d = 21.6 & 9.9 s), while in the presence of a column, evacnat
times ranged from 9.00 to 25.66 s (meas.d = 16.0 & 4.3 s). The corresponding
results for the simulations were 14.41 to 27.4éhegn+ s.d = 18.9 & 2.6 s) without
the column, and 11.5 to 21.86 s (measid = 13.9 & 1.9 s) with the column present.

Some comparisons are available by inspection afrEi§-1. First, it is clear that the
model output is quantitatively similar to real dr@haviour, certainly well within the
correct order of magnitude, although variation agdnals seems lower in the
simulations. Second, the presence of the part@bstructing column decreases the
average time needed to evacuate the first 50 arteth real and simulated trials by
5.6 s and 5.0 s, respectively. Third, the supezgmape rate with a column near the
exit is, on average, established early and maieththroughout the escape sequence.
Fourth, there is overlap in escape sequences bettee two treatment groups
(presence and absence of the column), so thatdrentage due to the column is an
average effect.

Levene’s test confirms that the variance in evaonaime is significantly greater for
the empirical than for the simulation results asesbed from the P-value in Table 6-2.
Given the lack of homogeneity of variances, thattrent means were compared by
the nonparametric Mann-Whitney test as shown inlef&3. Escape times for 50
ants were significantly greater when the column alasent than when it was present
for both real and simulated data as observed fl@Ptvalue in Table 6-3. In contrast,
there was no significant difference between the isogh and model results for the
column-present trials nor for the column-abserdldri Thus, the model output is
consistent with the empirical behaviour (within thiality of the Mann-Whitney test
to detect a difference), and both model and enddiritests confirmed the
counterintuitive effect of a partial obstructionenhancing the evacuation rate. If the
non-homogeneity of variances is ignored, ANOVA proes qualitatively equivalent
results. That is, there are significant differenae escape time between the column-

present and column-absent treatments for both ardl simulated results, but no
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significant difference between real and simulatesults when comparing only the
column-present results or only the column-absenilte

Table 6-2: Levene’s test for homogeneity of variances

Treatment Levene’s Test

Experiment vs. simulation with no column F; 53=23.89,P <0.0001

Experiment vs. simulation with column F158=30.14P <0.0001
Experiment with and without column Fi1ss=11.162P =0.001
Simulation with and without column F158=5.237,P =0.026

Table 6-3 :Mann-Whitney Test for treatment (with/without colajmeans

Treatment Mann-Whitney Test

Experiment vs. simulation with no columiJ= 422, Z =0.197P =0.84
Experiment vs. simulation with column U= 341, Z611,P =0.11
Experiment with and without column U=291.5, Z=2.176R = 0.03
Simulation with and without column U=41, Z=6.047, P <0.0001

What mechanism produces the column effect? FigtgeslBows that the distributions
of headway times differ between the two columntiremts. There were more short
headways and fewer lengthy headways in column-ptékan in column-absent trials,
for both the empirical and model results. Table @&ehsolidates the headway
distributions into three classes: gaps up to Grblength, gaps greater than 0.5 s up to
1 s, and gaps greater than 1 s. Differences bat#teeoutcomes with and without a
column present at the exit are statistically sigaiit for both the empirical and
simulation data as shown by Chi-squared test inerébt. The Chi-squared values
(degree of freedom = 2), as presented in Tablee&tdthe homogeneity of frequencies

between the column-present and column-absent sesult
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Figure 6-2: Distribution of headway time intervals in (a) expsntal and (b)
simulated ant crowds. Open symbols indicate tHenwo-present treatment; closed

symbol indicate the column-absent treatment.
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Table 6-4: Frequency of headways in the empirical and simutatlata (column

present vs. column absent)

Empirical data Simulation data
Headway column column column column
interval,t (s) present absent present absent
t<0.5 1187 (80.7%) 979 (71.3%) 1359(92.4%)  6[18.6%)
0.5<t<1 219 (14.9%) 281 (20.5%) 98 (6.7%) 6 P05.4%)
t>1 64 (4.4%) 112 (8.2%) 13 (0.9%) 88 (6.0%)
x> =37.4P <0.001 x? =122.6P << 0.001

Figure 6-3a presents simulation snapshot showiagesitape of ant traffic without a
column at the exit, while Figure 6-3b shows thepshat of ant traffic in the presence
of a column. As observed from the experimental singulation results of headway
above, a partial barrier in the vicinity of antesiould reduce the frequency of long
time headways (gaps during which the crowd is mdardy jammed and no exits

occur) and increase the frequency of short headyapsl succession of exits).

Uncoordinated
oo e % flow at exit Flow channelled at
e e®, W% without column exit due to column
P ... L1 ‘aBeee Y
¢ e ...A. .$:... oo .§: - ¥ 1
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Figure 6-3: Simulation snapshots showing the escape of antoutittcolumn (a) and

with column (b) near the exit

6.2.2 Corner exit vs. middle exit

After calibrating the model for with/without colunstenarios, the model was then

validated with corner exit/middle exit scenarioenTreplicates were simulated for
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middle/corner exit scenarios and the same data esiracted on escape times of
individual ants and headways between successisamnin the experimental trials.
The exit time (to the nearest 0.04s) of the fiBtants to leave the chamber were
extracted. From these data, the cumulative timsugescape sequence pattern and
the distribution of traffic headways were reconstied as in column/no column
scenarios. Figure 6-4a and 6-4b show the tempartéérn of escape for each trial in
the two treatment groups (corner or middle exiiguFe 6-4c and 6-4d show the

equivalent data generated by model simulation €p@titions).
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Figure 6-4: Escape pattern in experimental (a, b) and simul@ed) ant crowds. The

horizontal axis indicates individual ants in thedar they exit the chamber. The
vertical axis indicates the cumulative time in set Each trace shows an individual
experimental trial or simulation. Heavy trace iradd represents the means of 10
replicates of each condition. Results for the nedelit treatment in (a, ¢) and for the

corner exit treatment in (b, d)
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With a corner exit, evacuation times for the fis6t ants ranged from 8.24 to 14.84 s
(meant s.d = 11.18 & 2.61 s), while in middle exit, evacuation timeagad from
12.0 to 27.64 s (meah s.d = 18.48 & 4.09 s). The corresponding results for the
simulations were 11.83 to 15.27 s (measid = 12.98 & 1.11 s) with the corner exit,
and 14.41 to 24.69 s (mears.d = 19.02 & 2.89 s) with the middle exit.

As shown in Figure 6-4, it is clear that the modetput is quantitatively similar to
real ant behaviour, although variation among triséems slightly lower in the
simulations. With the exit at the corner, the agertime needed to evacuate the first
50 ants in both real and simulated trials decreage®.3 s and 6.0 s, respectively.
Also there is overlap in escape sequences betwmetwb treatment groups (exit at
corner and middle), so that the advantage duedaadnner exit is an average effect.
The T-test reveals that there are significant diffiees in escape time between the
corner exit and middle exit treatments for bothl r&ed simulated results, but no
significant difference between real and simulatesults when comparing only the
corner exit results or only the middle exit resfable 6-5).

Table 6-5:T-test for treatment (corner vs. middle exit) means

Treatment T- test

Experiment with corner vs. middle exit t (18) = 4.748, P < 0.0001
Simulation with corner vs. middle exit t (18) 998, P < 0.0001
Experiment vs. simulation with corner exit t (82.016, P = 0.066
Experiment vs. simulation with middle exit t (18P324, P =0.75

Figure 6-5 shows that the distributions of headwmes differ between the exit at
corner and at middle. In both the empirical andusation results there were more
short headways and fewer long headways with theiexhe corner compared to it
being in the middle of a wall.
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Table 6-6 shows the headway distributions claskifi@o three classes: gaps up to
0.5 s in length, gaps greater than 0.5 s up taahdgaps greater than 1 s. Differences
between the outcomes with the exit located at treer and middle of the walls are
statistically significant for both the empiricaldasimulation data as shown by Chi-
squared Test in Table 6-6. Chi-squared values ¢degf freedom = 2), test the
homogeneity of frequencies between corner exitraiulle exit results.

Table 6-6 shows that the proportion of headways tiean or equal to 0.5 s is higher in
the case of the corner exit (91.4% in the expertmaamd 90% in the simulation)

compared to the case of the middle wall exit (76i6%ne experiment and 77.2 % in
the simulation). In contrast, the proportion of éays greater than 0.5 s is higher in
case of the middle exit (23.5% in the experimend &2.8% in the simulation)

compared to the case of the corner exit (8.6% @ dkperiment and 10 % in the
simulation). These results suggest that the exiatex at the corner reduces the
frequency of long time headways and increases itbguéncy of short headways
thereby facilitating the rapid succession of exitenpared to when the opening is

located in the middle of the wall.

Table 6-6: Frequency of headways in the empirical and simatiata (corner vs.

middle exit)
Empirical data Simulation data

Headway corner middle corner middle
interval,t (s) exit exit exit exit
t<0.5 448 (91.4%) 375 (76.5%) 441(90%)  378(77.2%)
0.5<t<1 39 (8%) 89 (18.2%) 2 (8.6%) 83 (16.9%)
t>1 3 (0.6%) 26 (5.3%) 7 (1.4%) 29 (5.9%)

X? =44.24P < 0.001 x? =31.74P < 0.001
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6.3 Summary

In this chapter, simulation was conducted with Em®&iodel developed in Chapter 5
to parameterize the model and replicate the scermdrexperiments with panicking
ants as illustrated in Chapter 4. Some of the patamvalues were measured and
obtained from the experiment (such as desired speeds, reaction time, size,
repulsion and attraction range). Because of thicdify in directly measuring the
other parameters (such as repulsive and attrabbinee constants, dampening and
elastic restoration constant, frictional constathipse parameters were estimated from

simulation trials so as to replicate the experirakstenario.

First the model was calibrated for scenarios wittl without a column being present
near the exit. Then the model was validated with ithdependent data from the
scenarios with exit at the corner or the middletleé wall. The model correctly
predicted the empirical flow rates for ants. In iidd, the distribution of time

headways between successive ants in the escapenseqwas similar in both the

simulation model results and the empirical data.

The next chapter extends application of the EmSimdehto pedestrian traffic. This
involves the application of the scaling conceptiwa in Section 5.3. Successful
prediction of collective movement in both humand afirgentine ants through
parameter re-scaling would suggest that the moaeluces something fundamental
about the dynamics of self-driven particles in adewlespite variation in size, manner

of locomotion, cognitive abilities, and other bigical traits.

88



CHAPTER 7 SIMULATION OF COLLECTIVE

PEDESTRIAN TRAFFIC

7.1 Introduction

With the successful calibration and validation loé EmSim model for ant traffic in
Chapter 6, the model is scaled up to simulate cile dynamics of pedestrians in
this chapter. The model parameters re-scaling @nducted through scaling concept
derived in Section 5.3. The motive for this wasetst the robustness of the model with
respect to differences in the size, speed, and dibéogical details of the panicking
individuals. There is scope within such a test émpare the collective movement
patterns of biological entities and pedestriangraer to devise sound strategies to aid

evacuation.

EmSim was used to study pedestrian traffic for paonditions as well as for normal
(non-panic evacuation) conditions. For panic coodd, the model was validated with
the experimental scenarios as described for afficttaut scaled up for the human
scenario. For normal (non-panic) conditions, the detowas validated with
experimental data on pedestrian traffic; specificahe comparison of headway
distribution in uni-directional traffic, the compson of speed distribution and lanes
formation in bi-directional traffic and the compson of outflow in bottlenecks with
various widths. Parameter values in the model vegtteer taken from the available
empirical data on pedestrian traffic (e.g. mase,sspeed) aallometrically scaled up
from the ant values based on the body mass differ¢as explained in Section 5.3)
where direct measurement of parameter values waspossible (for example,

repulsive force constam,= 2500 kg m, elastic restoration constaat, = 1.7x 10°

kg/s’). The sensitivity analysis of the model parameteil be discussed later in
section 7.4.
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7.2 Collective dynamics under emergency /panic coitmns

The panic scenario was simulated to examine tleeedf two situations:
- the presence or absence of a column near thefexitomm, and
- the relative effectiveness of locating the exittta# middle of the walls as

opposed to at the corner.

In the simulation, 200 pedestrians were distribut@adomly in a room of 15m by
15m and were allowed to escape through a singlewmth of 1.2m. For the column

trial, a 1.5 diameter column was placed slightlynasietrically near the exit at a
distance of 0.5 m from the exit. The desired v&joof 5m/s corresponded to the
fleeing velocity under panic conditions reportedhe literature (Helbing et al. 2000).
Randomness in the simulation was introduced vigiloution of different locations

of individuals, different body sizes and masses Tals were carried out for each

simulation scenario.

7.2.1 With/without column scenario

The average flow was 1.63 ped./s (SB£=0.09) without column while it was 2.12
ped./s (SD=t 0.10) when the column was present. That represamtincrease in
efficiency of escape by 30% when the column isgmesThe flow was significantly
greater when the column was present than whenstalvaent as determined by a t-test,
with p-value (<0.0001) being less than 0.05. Figin® compares the flow based on
10 simulation trials for the column / no columnrsagos. It can be seen from Figure
7-1 that consistent with the experiments with planig ants, the presence of a partial
obstruction such as column near the exit generatlyeases the flow of the people
compared to the absence of column. Figure 7-2 sliypisal curves of escape rate for
the simulation scenarios of with/without column.t dan be observed that the
difference in evacuation time with and without t@umn increases as time elapses

and the cumulative number of evacuated pedestinansases.
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Figure 7-1: Comparsion of flow for with/without column scenario
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Figure 7-2: Typical escape rate curves for with and withoutuomt scenario for
pedestrian traffic showing the similarities of tless observed in ants experiment
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Figure 7-2 shows that the curve is more regulatherscenario with column than for
the one without a column, suggesting that the ut@gy observed when the column
is absent is due to the halt periods in the sirarai.e., the time lapse during which
no pedestrian manages to pass through exit. Thysaoeur because there are more
frequent strong local interactions and pushing beha when there is no column
present to moderate the flow. During emergencyssgrne presence of such strong
local interactions could slow people to impact beitt chance of survival. Figure 7-3
shows the simulation snapshots for the escape aégteans for the with/without
column scenarios. It is evident that the barriexoabs physical pressures from a dense
crowd and helps disrupt transiently “frozen” crowsmhfigurations near the exit that
momentarily prevent egress. This may help to prewenmpling and crushing by

distributing the tremendous pressure generatdteamtit.

(b)

Figure 7-3: Simulation snapshots showing the escape of peuafhecolumn near the

exit (a) and without column (b).

7.2.2 Corner exit vs. exit in the middle of the wal

The average flow was 3.01 ped./s (SB=.11) with corner exit. However, it was
1.63 ped./s (SD= 0.09) with middle exit (as mentioned in witholietcolumn

scenario in section 7.2.1 ) resulting in more tB&Ao increase in outflow. The flow
was significantly greater when the exit was locaa¢dhe corner than when it was

located at the middle of the walls (p-value for thest <0.0001 being less than 0.05).
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Figure 7-4 compares the flow based on 10 simulati@ats for scenarios where the
exit is at corner and at in the middle of the whllcan be seen from Figure 7-4 that
consistent with the experiments from panicking & &% efficient in outflow for
ants); the corner exit was predicted to be morgiefft (85%) for the outflow of
pedestrians compared to the middle exit. Figuresh&ws the simulation snapshots
for the escape of pedestrians with the exit locatedhe corner. As explained in
Section 4.2.2.2, this increase in flow rate withrnes exit could be due to the
minimization of change in direction of escapingiunduals in the corner exit. This

will be further examined in section 8.3 of Chag@er
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Figure 7-4: Comparsion of flow with exit at the corner and thet at the middle of

the wall
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Figure 7-5: Simulation snapshots showing the escape of pasieexit located at

the corner

7.2.3 Corner exit with column

With the column located near the corner exit, therage outflow of pedestrians
varied with the horizontal offset of the columnrfrahe exit as shown in Figure 7-6.
Contrary to the result for the scenario where thlaran was near an exit in the middle
of the wall (Section 7.2.1), having a column offéédm from the corner exit did not
improve the flow of pedestrians. In that case, dlierage outflow was substantially
lower (2.7 ped./s) than when the column was abge0tl ped./s) at corner exit as
shown in Figure 7-6. However for horizontal offséistween 0.6m and 0.8m, the
average flow rate was more than when the columnakasnt and peaked at a 0.7m
horizontal offset (3.71 ped./s). When the colunaswffset more than 0.8m, the flow

rate was less than when the column was absent.

The above result suggests that the performanckesktpartial obstructions near the
exit depends on the architectural layout of theapsarea. The performance of these
partial obstructions seems to depend on the siddaation of the obstruction. The
effect of location and size of the obstruction w# further discussed in more detail in
Section 8.2 of Chapter 8.
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Figure 7-6: Comparison of flow rate with column located at eiffint horizontal

offset from the corner exit.

7.3 Collective dynamics under non-panic conditions

EmSim was used to study collective pedestrian dyceommder non-panic conditions.
The ability of the model to replicate a normal exaten process was assessed based
on the comparison of the simulation results witlhsth obtained from a real-life
experiment involving human subjects. The realdik@eriments focused on pedestrian
flow through bottlenecks (uni-direction) and coais (uni-direction and bi-direction).
The bottleneck experiments were conducted by rekees at the University of
Duisburg-Essen (Kretz 2007). The experiments witilidirectional and bi-directional
movement in a corridor were conducted by the rebeas at the Institute of Industrial
Science, University of Tokyo, Japan (Asano et @09. Video files and the data of
the experiments were provided by those researcleersnable to compare those
experimental results with the simulation resultsaoted in this thesis.
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As the simulation was performed for normal condisipthe frictional/pushing forces
were not considered i.¢4 and u,= 0. For bottlenecks and bi-directional trafficeth

desired speed was assigned to be 1m/s correspatadihg free velocities for leaving
a room under normal conditions (Helbing et al. 2000 the case of uni-directional
traffic, the desired speed of the pedestrians wagaed to be 0.6m/s, corresponding
to the observed speed under relaxed conditiond{itekt al. 2000).

7.3.1 Flow through bottlenecks

Bottlenecks are critical points for crowd egredse Bbility to estimate the capacity of
such critical points provides an important input fbe design and evaluation of
pedestrian facilities with respect to safety. Em8ias used to study pedestrian traffic
for normal evacuation process in the case of admaitk of various widths. The

experiments (Kretz 2007) involved a uni-directiorovement of 100 pedestrians
passing through a bottleneck of various widths;c8) 100 cm and 120 cm. The
bottleneck was formed by two cabinets with a heafhtivo meters and a depth of 40
centimetres. The pedestrians were confined in @a approximately 9 m deep and 4m
wide. The pedestrian movement through the bottlkeneas recorded by a video

camera mounted above the bottleneck.

Figure 7-7 shows the snapshot from the experimedt@rresponding simulation.
Figure 7-8 compares the flow obtained from the #&aton with that from the
experiment for the various bottleneck widths. lalitg and in the model, flow is
sensitive to the egress width. As intuition wouldygest, wider bottlenecks allow
greater flow. It is not intuitive, however, whatetpattern of this increase should be.
There is disagreement in the literature over whetthexpect a linear or step-function
increase (Kretz 2007).
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(b)

Figure 7-7. Snapshots showing the experimental setup for Ingitle experiments (a)
and corresponding simulation setup (b).
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Figure 7-8: Empirical and simulated flow rates of humans tigfoucorridor

bottlenecks at three widths. Open symbols, empiresults; filled symbols, EmSim

results. Error bars showl S.E.
In both the model and the experiment, flow ratdofeeéd a roughly linear increase

with bottleneck width over the range of three wadgitudied. The analysis of variance
showed a highly significant effect of widtRx1, = 118,P < 0.0001) but no difference
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between empirical and simulated dak ¢, = 0.07,P = 0.795) and no interaction
effect between the factoré(;, = 0.66,P = 0.54). Also if we compare the flow
through 1.2 m bottleneck from experiment (2.15 fsedrigure 7-8) to that from the
simulation for panic conditions with no column saga (1.63 ped./s, Figure 7-1), it
can be observed that as expected, the flow ura@c gondition is much less (32%
less) than under non-panic condition for the saotddmeck width of 1.2m.

7.3.2 Uni-directional traffic

Unidirectional flow is the most common charactécistf pedestrian flow in an

evacuation, when pedestrians herd towards an leatugh a corridor. The width of
the corridor and the number of pedestrians detarsnthe evacuation rate. With an
increase in the number of pedestrians and/or aedserin the width of the corridor,
the collective motion of pedestrians is constrajmedulting in the reduction of the

exit flow rate.

The experiment consisted of constrained unidireetigppedestrian movement under
normal conditions (Asano et al. 2009). In the ekpent, 92 participants moved
through a narrow corridor 3 m wide. The pedestnmvement in a test area of 5m by
3m was recorded by a video camera mounted abovesharea. The initial and final
6 pedestrians were not considered for data exbractin order to exclude any
initialization effects. The flow and the headwaytdbution were extracted at the
downstream end of the test area for 80 pedestridresssame physical layout was also
used as a configuration for the simulation moden@arisons were made between the
observed flow rate and headway distribution frome tkimulation and the
corresponding values from the experiment. Figur®@ Shows the snap shots of
experiment and the simulation which illustrate tekatively uniform distribution of

pedestrians across the width of the corridor.
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Figure 7-9: Snapshot showing unidirectional experiment (a) @&odresponding

simulation (b)

Figure 7-10 shows the comparison of headway as&xetl from the experiment and

simulation. It shows that the simulation is abl@tedict the headways satisfactorily.
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Figure 7-10: Comparison of unidirectional traffic headway distiion from the

experiment and the simulation
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Figure 7-10 shows that the headway is distributext @ wide range (0.1m to 0.9m) in
both the experiment and the simulation, with therage headway being 0.35m in the
experiment and 0.36m in the simulation. As theidorrwidth reduces, the range of
the headway distribution can be expected to redwuite more regular time gaps
(maximum more pronounced), due to a greater numibteractions in the narrower
corridor. The flow rate as measured from the expent was 2.85 pedestrians /
second, while the average flow rate from simulaticas 2.84 pedestrians / second.
The close agreement between those values providsnee of the model's capacity

to accurately predict the flow rate.

7.3.3 Bi-directional traffic

Bidirectional flow is important in high density evds (Still 2000). It is also relevant
in emergency situations when both rescuers andittiens have to use the same path
during evacuation. Previous studies have noted thader bidirectional flow, self-
organized lanes form as pedestrians use the aleasphce effectively and minimize
interactions (Daamen & Hoogendoorn 2003). The nundbdanes in bidirectional
traffic depends on the density of people and thatlwof the corridor. Models dealing

with pedestrian dynamics should be able to prodiisgphenomenon.

The experiment involved bidirectional movement efdgstrians through a corridor
3 m wide and 5 m long (Asano et al. 2009). Pedestmovement was recorded by a
video camera mounted above the test corridor. Al tof 93 pedestrians passed
through, 47 in one direction and 46 in the otheatalfrom the experiment was used to
validate the simulation model ability to analyselitgctional pedestrian flows. The
simulation model was validated qualitatively, wittajectory data, and validated

guantitatively, with speed distribution data.

The formation of lanes can be observed in the @dorexperiment, as shown in Figure
7-11a. The dark (red) caps represent pedestrisssngafrom left to right while light
(white) caps represent pedestrians passing froht tayleft. The major flow in each

direction passes in a self-organized lane in theidteipart of the corridor while minor
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flows occur primarily on the sides of the corridéigure 7-11b shows a snapshot
from the simulation in which the formation of lanean be observed. Filled circle
represent movement from left to right while empitgle represents movement from
right to left. Figures 7-11c and 7-11d show trapees from the experiment and from
the simulation model respectively. It can be séat the simulation is able to produce
the formation of lanes in bidirectional traffic @sserved in the experiment. Figures 7-
1le and 7-11f show the speed distribution from bthte experiment and the
simulation along with the average and standardadievi of the speed for bidirectional

traffic.

The speed distribution from the simulation closeigtches the speed distribution
observed in the experiment. In the experiment,viddials at the edges moved faster
than those in the middle; however, it can be sban the overall average speed in
each direction is almost equal when the flow is'hyezgual (47 and 46 pedestrians) in
each direction. While the desired speed was assigmée 1.0 m/s in the model, the
average speeds achieved in the simulation werers7i® one direction and 0.84 m/s
in the other. This difference between the actudl desired speeds reflects the ability
of the model to capture the constrained movementeadfestrians in self-organized
lanes. It is to be noted here that the model céipabf representing the wide range of
speed distribution as in experimental data is éohidue to the assignment of same
desired speed for all pedestrians. However, ihésability of the model to reproduce
the formation of self-organized lanes in bi-direoal movement that is important for

the study of collective dynamics.

Such bidirectional traffic is important not only pedestrian traffic but also in ant
traffic. Based on an analysis of the traffic dynesniof leaf-cutting antsAgta
cephalote} Burd et al. (2002) suggested that bidirectidredific enhances total flow
rates by breaking up clusters of slow, laden ahtt would otherwise impede
overtaking. This phenomenon has also been observgabdestrian traffic where
bidirectional high-density crowds flow through eacther with relative ease (also
known as the finger effect) (Still 2000).

101



Opposite Flow

£ E
s 15 b 15
2 2
25 25
3 3
— Simulati
Direction of movement <«— - - .EI);?::,:;L
50 50
40 4 .0 40 4
€ 5| xg=08lmis , xg = 0.78m/s Sw| Xg= 0.83m/s " X = 0.84m/s
5 g N
g 201 0g=0.22m/ Os=0.24m/s || g 20| 0Og=0.26m/s. . Ys=0.23m/s
[y [ ’
10 A 10 - . .
0 - ; ; ; - 0 : : : ; .
0 0.3 0.6 0.9 1.2 15 1.8 0 03 0.6 0.9 1.2 15 1.8
Speed (m/s) Speed (m/s)
(e) (®
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7.4 Sensitivity analysis

Sensitivity analysis is the systematic examinatidnthe response of a simulation
model to changes of the model's parameters (Kieijt@99). In this section, local
sensitivity analysis will be used to provide anighs into how the simulation output
changes when one or more parameters are changed. arfalysis considers small
perturbations from a reference set of parameteh® @pproach is to vary one
parameter at a time, with all other parameters kepstant (Ellner & Guckenheimer,
2006). The sensitivity coefficieng§] of output X" to parameter ;" is defined as the

percentage change iiX* relative to the percentage change i’ “for a small change

in “p;”. Usually, 5% or 10% changes are used with a edndifference estimate of the

response (Eliner & Guckenheimer, 2006). TBu®r 10% change, is calculated as

_ fractionalchangen output _ X (1.10p,) - X (09p;)
" fractionalchangén parameter 02x X (p,)

(7-1)

Because of the absence of further knowledge ornntieepretation of the sensitivity
coefficient for the robustness of a model, it hasrbsuggested that the absolute value
of the sensitivity coefficient should desirably less than 1 (Reeves & Fraser 2009).
That implies that any fractional change in the inpull correspond to a smaller
fractional change in the output. Conversely, if HiEsolute value is greater than 1,
small fluctuations in the input will be amplified the output (Reeves & Fraser 2009).
Also the bigger the absolute value of sensitivibefficient, the more sensitive is the
given parameter (Wang et. al. 2008).

Equation 7-1 was used to determine the sensitofifjow rate ) with respect to the
parameters of the EmSim model. A 10% changespihwas considered for each
parameter. A standard test scenario of 200 pedestescaping from a room of 15m
by 15m through a 1.2m door width was consideredHeranalysis. The desired speed
of the pedestrians was assigned as 5m/s. Tabler@&sénts the sensitivity of different
model parameters. It can be seen that the modelbigst to parameter variations.

Even with 10% change in parameter variations, émsisivity coefficient is less than 1
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for all the model parameters. Also high valuesths frictional constant and the
relaxation/reaction time (near to 1) suggest thesé two parameters are more

sensitive than the other parameters of the model.

Table 7-1:Local sensitivity analysis of model parameters

Parameter () S;
(absolute)
Frictional constant {4, & () 0.87
Relaxation/ reaction timer() 0.86
Elastic restoration constantr( ) 0.34
Repulsive force constanig) 0.17
Repulsion distanceAy) 0.15
Attractive force constantg, ) 0.05
Attraction distance 4 ,) 0.04
7.5 Summary

In this chapter, the EmSim model was validatedlHterability of the model to predict
pedestrian traffic for panic conditions as wellfas normal (non-panic) conditions.
Parameter values in the model were either taken tie available empirical data on
pedestrian traffic oallometrically scaled up from the ant values based on the body
mass difference as described in Section 5.3. Farcpeonditions, the model was
validated with the experimental scenarios as desdrior ant traffic in Chapters 4 and

6 but scaled up for the human subject scenariodelJnormal, non-panic conditions,
the model was validated with experimental data etegtrian traffic. Specifically, the
comparison of headway distribution was made indirgetional traffic while the
comparison of speed distribution and lanes formatieere made in bi-directional

traffic. Comparison was also made with the outflihwough bottlenecks of various
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widths. It was demonstrated that the model can essfully describe human
pedestrian traffic under both normal and emergeranyditions. That confirmed the
capability of the model in accommodating both namip and panic conditions within
the same modelling framework. Results from Chaftand this chapter demonstrate
that the model correctly predicts the empiricalfliates for both organisms (ants and
human). This consistency suggests that there amdafuental features of crowd

behavior that transcend the biological idiosyn@ssif the organisms involved.

In this study, only local sensitivity analysis wasnducted. This 'one-at-a-time'
approach may leave out possible interactions betwsgut parameters i.e. whether
the effect of one factor depends on the level & onmore parameters. Hence, there
would be a merit in undertaking a global sensigianalysis, which would consider
simultaneous changes in multiple parameters (EBn&uckenheimer, 2006), as part
of future research. Nevertheless, the local sentgitianalysis performed above

revealed that the model is robust with respeatdavidual parameter variations.

As research on crowd panic is a continuously chglieg process, it is possible that
development of future algorithms and models of p&dn traffic will increasingly

rely on insight from the study of social insectsl aither social animals. In the next
chapter, the EmSim model is used to examine desalations which have the

potential to enhance the safety of pedestrian csowd
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CHAPTER 8 DEVELOPMENT OF DESIGN

SOLUTIONS

8.1 Introduction

The experimental and simulation results from theigdang ants experiments (as
explained in Chapters 4 and 6) as well as the sitimn results from the escape of
panicked pedestrians (as explained in Chapter Oweth how the collective
movement patterns of the organisms are affectethbylayout or the geometrical
structure of the escape area. Detailed analysisiabscopic effects (i.e. behavioural
variations) would be a potentially valuable additib perspective to aid in devising
solutions that are efficacious and improve the tgatd the crowd. Insight into
microscopic variations would assist in enhancindarstanding of what properties of
panic are inherent to the physical nature of tlesvds, and what properties depend on

the idiosyncratic details.

External factors (such as presence of police a@atuation team) are also important
in emergency or panic situations, however, in gtisdy the worst case has been
considered, when the influence of external orgaisise evacuation teams is absent.
There have been several cases of crowd disasténsmimnimal or no influence of
evacuation support, as well as a failure of comication systems (Chertkoff &
Kushigian 1999). Hence, in such situations, thatsmis need to arise from the crowd
and the immediate environment to which they areosgd. The immediate
environment that the crowd is interacting with theament when a flight response is
required are the individuals within the crowd arm tlayout or the geometrical
structure through which they need to escape. Byimgakppropriate architectural
adjustments within the escape area, there is thsilgbty of changing the collective
movement patterns in a way that enhances the saff¢itye crowd. In that way, we are
actually generating the design solutions from thewd themselves. Hence, the
solution for preventing crowd disasters may liehwitthe crowd.
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The following sections, draw on the simulation t@old the empirical experiments
(with non-human organisms) to examine how thoséstoan enhance understanding
about the development of safe design solutiongpémic escape. Focus will be made
to study four relevant scenarios:

- Effect of location and size of obstacles to theapsaate

« Consequence of turning movements to the escape rate

« Optimization of flow within an escape area

- Effect of body sizes on the escape rate

8.2 Effect of location and size of obstacles to tlescape rate

In Chapter 7, it was observed that similar to atperiment, the placement of a
partial obstruction such as column near the exilifated the flow of the people.

However, several important points need to be cemedl when designing such
solutions. For example, does the efficiency of plagtial obstruction depend on its
location i.e. the horizontal offset from the exi® the size of the obstacle also
important? This section examines the effect oftiooaand size of obstacles (column)
for the escape of pedestrians. In Section 7.2rulsition was conducted with /

without a partial obstruction (a column of 1.5m rdeter) located at a horizontal
distance of 0.5m from the exit. In this sectiore game simulation scenario as in
Section 7.2.1 is repeated but with different hamiab offsets (0.6m, 0.7m, 0.8m and
1m) from the exit and also with different sizestbé column (1m diameter, 1.5m

diameter and 2m).

Figure 8-1 shows the average flow rate for diffedeorizontal offsets from the exit
and for different size of the column. Also a refere dotted line is drawn representing
the average flow of pedestrians without any obsmacnear the exit. Figure 8-1
highlights that the presence of a partial obstaunctike a column near the exit is
effective only for some horizontal offsets and sankimn diameters. In the case of
the largest offsets, the presence of a column kgtecreases the flow of the people.

Several combinations of horizontal offset and catludiameter enhance the outflow
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compared to when the column is absent. Figure &4 shows that the maximum
flow rate could be different for different combirmats of column size and horizontal
offset. For example, the maximum flow rate for eith 1.5m or 2m diameter column
occurs when there is a 0.5m horizontal offset wfolea 1 m diameter column the
optimum offset is 0.6m. Among all the combinatioh hmrizontal offset and the

column diameter, the 2m diameter column locatei5ah horizontal offset creates the

maximum flow as shown in Figure 8-1.

—e—1Imdia —=—1.5mdia ——2mdia = = =No Column

1.8 ~

1.6 -

Flow rate (Ped./s)

1.4 ~

1.2

0.5 0.6 0.7 0.8 1

Horizontal offset from exit (m.)

Figure 8-1: Comparison of flow rate for different horizontalfsgts and for different

sizes of column

The simulation results highlighted that the preseofpartial obstructions such as a
column near the exit do not always increase the tibthe people compared to when
the column is absent. The effectiveness of therotisdbn depends on its location

(relative to the exit) and its size. The generahdr from this simulation suggests that
the column should be placed as close as to theasxiossible without creating any
additional space (horizontal offsets) between thieand column for the pedestrians.
The creation of such additional spaces in fronta@timn may provide opportunities

for strong interactions and pushing behaviour amgegestrians in that space
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resulting in a reduction of the outflow. If thegerno such additional space, then that is
more conducive to the production of channelled ftdwhe people (with minimization
of interactions) from the two sides of the colunsnshown in simulation snapshots of
Figure 7-3, Chapter 7. The role of horizontal dffeef the partial obstruction) for
other architectural layout of the escape arealvaldiscussed more in section 8.4 on

optimisation of flow within an escape area.

8.3 Consequence of turning movements to the escajpge

From the experiments with panicking ants in Chapgteit was observed that the
presence of column at the exit channelled the lamt &ind generally increased the
evacuation efficiency. One manifestation of thladrmelling was that lone exits (a
single individual passing through the exit holéhetthan temporal overlap of two or
more individuals) were more common when the coluvas present. The qualitative
examination of video data reveals that the exigemicmore lone exits due to the
presence of a column was the result of minimizatdrthe physical interactions

resulting from the turning movement near the exit.

In the experiment, it could be observed that ths ascaping from the side walls had
to turn in order to exit while those ants movingatigely straight towards the exit did
not have to turn. The existence of those two diffierdirectional movement patterns
near the exit could be the primary reason for adgons and pushing behaviour. The
net effect of that was pronounced in the case opamtial obstruction near the exit
resulting in interactions and temporal overlap kst two or move individuals as

observed from the analysis of the video data.

Figure 8-2a shows the schematic diagram of intemagstof ants moving from side
walls (indicated by bundle of arrows in two smaitles) and those moving relatively
straight towards the exit (indicated by bundle wbas without two small circles) In
contrast, with a column present near the exit, éhdifferent directional movement

patterns were minimised resulting in more loneseag shown in Figure 8-2b.
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Figure 8-2: Schematic diagrams showing the movement patternantd without
column near the exit (a) and with column near thie(b).

The interactions produced by different directiomabvements during collective
dynamics can have major implications during pedastcrowd stampedes. In 2005,
several people were trampled and injured when feenghoppers rushed inside a
Wal-Mart to buy a just released consumer electrgmaduct on “Black Friday”
following the American Thanksgiving holiday (Youtwlvideo 2009). The Friday
following Thanksgiving is traditionally the firstagg of Christmas shopping in the
United States and consequently large crowds arallysanticipated. In 2008, a man
was killed while several people were injured whesntied shoppers rushed inside a
Wal-Mart (NY Daily News 2009).

Analysis of a rare short video segment (of 26 sdsaturation) of the 2005 Wal-Mart
incident available online (Youtube video 2009) skowow sudden changes in
direction of the movement of crowd lead to tramgliinitially the crowd of people
waited impatiently outside the door to enter tlogestAs soon as the door opened, one
could see the incoming rush of people attemptinmitio at an angle of 45-60 degrees
towards a second internal doorway. In the prodbsse waiting outside the first door
were competing with each other to enter the stmd,individuals on the sides of that
door were competing more strongly with the peopl®were moving straight from
the back of the crowd. Because the flow had to atran angle instead of moving
straight ahead once they entered the store, peogle pushed off their trajectories
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and lost control of their movement. As a resultjesal people fell to the ground and
were injured. This could have lead to fatalitiesl liaere been a larger crowd. Figure

8-3 shows snapshots of the incident showing the:esame of events leading to the

stampede.

(d)

Figure 8-3:Wal-Mart stampede: Impatient crowd waiting to er{g, crowd turning
towards another angled adjacent entrance (b), tnaghpf people on the ground due
to people being pushed off from their trajectorimsd losing control of their

movement (c and d) (video source: Youtube vide®200

Both qualitative and quantitative studies seldomrasis the above stated phenomenon
of turning movements specifically for emergencyipasituations (Shiwakoti et al.
2011b). The examples from the panicking ant expanishand the video footage of a
human crowd stampede highlight the necessity otrstdnding the consequences of

turning movements during panic escape. It is resrgs0 avoid sharp turns in stairs
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or corridors or at egress points when large numbénseople are exiting from an

escape area.

To illustrate the importance of avoidance of tugnimovement and sharp turns,
simulation was conducted with EmSim for a crowdebple escaping from an exit /
bottleneck for the following scenarios:

- Crowd of people escaping from a bottleneck withoearidor after the bottleneck
located at different angles (the situation reflec@milar scenario to that from the
store stampede described above)

« Crowd of people escaping from an exit with/withautolumn near the exit with
the exit at the middle of the wall (as considerethie ants experiment)

- Crowd of people escaping from an exit at the coKasrconsidered in the ants
experiment)

« Crowd of people escaping from a funnel shaped exit

8.3.1 Angled escape route

For the angled escape route scenario, a simulateedoof pedestrians was generated
in an area of 10m by 8m with a bottleneck of 2mtidJpon exiting the room,
people then had to pass through a corridor. Fosescavere considered based on
different angled configurations for the layout bétcorridor as shown in Figure 8-4.
In each case the corridor was the same length {l@&hchwidth (2 m). In the first case,
the corridor was straight, 10m in length and 2 nwidth. In second case, the straight
corridor continued for 5m and then a connectingidor was placed at an angle of 45
degree. The total length and width of the corrid@as equivalent to that of the first
case. Similarly, the corridor was placed at an erngl60 degree and 90 degree with
equivalent length and width as that of 45 degree¢hiod and fourth cases respectively.
The simulation was conducted with different numbafrpeople (200, 250 and 350)
for each case. The outflow of the people at thedidownstream end of the corridor
was measured for each case. When the pedestrigdhe simulation passed through
the straight corridor, the collective movement wesform in nature. In contrast,

when the pedestrians passed through the angled@grcongestion was observed at
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the turning junction, creating delay in egressstaswn in Figure 8-4. That congestion
could be the result of strong interactions and pugtehaviour due to the turning

movements, similar to those observed from the vithda of the store stampede.

Figure 8-4: Snapshots of simulation for pedestrian escapingutyir different angled
corridor: straight (O degree) corridor (a), 45 aegcorridor (b), 60 degree corridor (c)
and 90 degree corridor (d).

Figure 8-5 shows the comparison of the average flie of pedestrians for different
densities and the turning angle, based on 10 stionl&rials for each scenario. The
straight corridor (turning angle =0) is the modeefive compared to other options.
There is decrease in flow rate with 45, 60 and &@rele turns compared to that of a
straight corridor. With the increase in pedestridensity from 200 to 350, that
difference in flow rate is more pronounced. Forregke, the straight corridor is 50%
more efficient than the 90 degree turn for the dgred 350 pedestrians compared to
18% more efficient when the density is 200 pedassii This suggests that the effect
of turning movement is important particularly atgi crowd density. It is also
interesting to note in Figure 8-5 that there isramease in the exit flow of pedestrians
for a 60 degree turn angle compared to the 45 @nabfions. Of the three turn angle

options considered here, the 90 degree turn isthst inefficient.
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Figure 8-5 Comparison of flow of pedestrians for different siégynand turning angle

The increase in flow of pedestrians with a 60 dedten highlights that perhaps the
flow of people does not always decrease proport@yavith an increase in the
turning angle. There could be some turning angleistware more suited or beneficial
for collective traffic than others. This certairdppears to be the case for traffic on ant
trails. Ants in many species create bifurcating tratworks, and the ability of ants to
negotiate the path depends on the bifurcation angleackson et al. (2004)
demonstrated that foraginfgonomorium pharaonignts adaptively reoriented their
direction of motion most successfully along paththvé0° bifurcation angles. For
example, the rate of correct to incorrect reorigote was approximately five times
greater with angles of 60° than with angles of 12Daboratory colonies of
Monomorium pharaonisants allowed to forage for two hours produced] trai
bifurcations with an average angle of 53° (s.d5%) XJackson et al. 2004), and field
colonies of another ant speciédessor barbarus produced mean trail branching
angles of 43.6° on open surfaces and 60.9° thramegjetative cover (Acosta et al.
1993). These preferences for particular trail anglave not yet been related to flow
rates on the trails, but it seems likely that theegy be optimal angles for maximizing

flow.
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The flexibility on the choice of turning angles chave implications in situations
when it is not possible to have straight corridoe do design and/or space restrictions.
More research on those aspects is necessary, hovidametheless, the general trend
from the simulation shows that the flow of pedestriis reduced with turning
movements compared to straight movements due te rawong interactions and

pushing behaviour in turning scenarios.

8.3.2 With/Without partial obstruction near the exit with exit at the

middle of the walls

In section 7.2.1, it was observed that consistatit the experiments from panicking
ants, the simulation model predicted an increasdha evacuation rate of the
pedestrians with a column near the exit comparewhen the column is absent.
When the graphics of simulation run were examinedaty, it was observed that the
pedestrians who were trying to escape from the wales had to turn in order to get
out from the exit. In that process, they competth ywiedestrians that were moving

straight towards the exit creating delay in egress.

The existence of the two different directional mment patterns (straight and turning)
near the exit was dominant in case of people esgapwhere there was no partial
obstruction (column) near the exit (Figure 8-6apwdver, as shown in Figure 8-6b,
with the presence of column near the exit, corslibetween turning and straight
movements were minimised resulting in efficientflowt of the pedestrians; similar to

that observed for ants as explained in Section 8.3.
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Figure 8-6: Simulation snapshots showing escape of peopléserece of column
near the exit (a) and presence of column nearxitély similar to ants experiment

8.3.3 Exit at the corner

In the case of an exit located at the corner (assidered in Section 7.2.2), it was
observed that the corner exit was more efficieanttine exit at the middle of the wall.
When the graphics of simulation run was examingédwas observed that the
pedestrians exiting at the corner had freedom ¢apes without much change in their
original direction. The pedestrians exiting thrbuge exit located at the middle of
the side wall, as mentioned above in Section 8.B&] to compete with the

pedestrians who needed to change their directioosder to get out of the exit. This
is best illustrated by Figure 8-7 where it can bensthat the collective movement at
the corner takes a form of efficient escape cha(siglilar to a cone-shaped channel)
facilitating the outflow (with minimum change in rdction of exiting people).

However, the collective movement at the middle exiaffected by the movement at

the sides of the wall where change in directiofiaf occurs.
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Figure 8-7: Schematic representation of the role of escapetdirein corner exit (a)
and middle exit (b)

8.3.4 Funnel shaped exit

Building off the previous results, a further simida was conducted using the same
room area (15m by 15m) with a funnel shaped exithenside wall. Creation of the

funnel design involved truncating the ineffectiveaon either side of the middle of
the wall exit as shown in Figure 8-8a. That desigmimizes the changes in escape
direction of the pedestrians at the exit as showRigure 8-8a. Figure 8-8b shows the

corresponding simulation for the funnel shaped gp®int.

Comparisons of the escape flow rate for the coneeal side exit and the funnel
shaped exit are shown in Figure 8-9. The averagapesflow increases from 1.63
ped./s with the conventional side exit (Section.1).20 2.72 ped./s with the funnel
design. The escape flow in the truncated side wadk is also much higher than for
the case of a partial obstruction near the extA®ed./s as observed in section 7.2.1).
These variations observed in the outflow withinamne layout of the escape area
suggests that there could be several options fail djustments of structural features
that can produce the optimum outflow for the givestape area. This is further

examined in the next section.
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(a) (b)
Figure 8-8: Diagram showing the formation of funnel shaped dug to truncation of
ineffective area (a) and corresponding simulatarfiinnel shaped exit (b)
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Figure 8-9: Comparison of the outflow rate for funnel shap&d @vith truncation)
and exit at the middle of the wall (no truncation)
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8.4 Optimization of outflow within an escape area

The preceding analysis suggests that there areradewptions for architectural
[structural adjustments that optimise the escape flvithin a same layout of the
escape area. In this section, results from the laiions conducted for different
scenarios (as described in previous sections), usexl to demonstrate how an
optimum design can be achieved within a given eseaga.

The escape rates of people are compared for assthndse: 200 pedestrians escaping

from a room (15m by 15m) with egress door widtHLdfm and with a desired speed

of 5 m/s. These dimensions of the room and desipegd are consistent for most of

the simulations conducted for pedestrian traffithis study and hence it will be easier

to compare the outflow for the same escape areasandlation conditions. The

simulation results are then compared for followtages:

» Case 1Pedestrians escaping with egress point at thdlenaf the walls

» Case 2Pedestrians escaping with egress point at theecarf the walls

» Case 3Pedestrians escaping with funnel shaped egress po

» Case 4Pedestrians escaping with egress point at thdleniof the walls and with
a partial obstruction (column) present near thesgpoint

» Case 5Pedestrians escaping with egress point at theecaf the walls and with a
partial obstruction (column) present near the egpasnt

» Case 6 Pedestrians escaping through a funnel shapedsg@nt and a partial

obstruction (column) present near the egress point

Table 8-1 shows the comparison of the averageautfate for the different cases
mentioned above. From the table, it can be obsethad for the different cases
considered, case 5 produces the maximum outflopedéstrians. The results for case
5 highlight that the maximum escape flow of 3.7d.foccurs when the exit is at the
corner and a column of 1.5 m diameter is locate@.a&t horizontal offset. That is
followed by a maximum outflow rate of 3.25 pedds & funnel shaped exit with a

column of 1.5 m diameter located at a 1m horizooffset.
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The results in Table 8-1 also highlight that thentt of an increase in outflow when
the column is present is different for the funreed exit as compared to the exit at
middle or the corner of the room. For example,tfe@ cases of a corner and middle
exit (with column), the flow rate peaks at a certhorizontal offset and then starts
decreasing. With the exit located at middle of wedl, the maximum escape flow
occurs for a 0.5m horizontal offset and then tlwvfdecreases. Similar results are
seen for the case where the exit is located atctmaer where the peak flow is
observed for a 0.7m horizontal offset and then@dn the escape rate occurs for
larger offsets. The trend described above is diffein the case of the funnel shaped
exit with a column present (case B).that case, the escape flow continues to increase
up to a 1m horizontal offset. Additional simulationns were conducted with
horizontal offset above 1m, specifically at 1.2 ndal.5 m for case 6 (Note those
results are not shown in Table 8-1). It was obsgthat the outflow actually peaked
at a 1.2m horizontal offset with the flow rate 024 ped/s and then decreased to 3.31

ped./s for the 1.5 m horizontal offset case.

Table 8-1: Comparison of average outflow for the consideradases

Scenarios Average flow Average flow rate (ped./s) with column (1.5m
rate (ped./s) dia.)
with no column Horizontal offset (m.)

0.5 0.6 0.7 0.8 1
Case 1: Exit at
middle 1.63 n/a n/a n/a n/a n/a
Case 2: Exit at
Corner 3.01 n/a n/a n/a n/a n/a
Case 3: Funnel
shaped exit 2.72 n/a n/a n/a n/a n/a
Case 4: Exit at
middle with
column n/a 2.12 1.84 1.88 1.44 1.54
Case 5: Exit at
corner with
column n/a 2.70 3.22 3.71 3.08 2.88
Case 6: Funnel
shaped exit
with column n/a 1.10 1.34 1.83 1.83 3.25

Note:n/a= not applicable

120



The observed peak flow rate of 4.24 ped./s higldighat with the small architectural
adjustments, it is possible improve the escape fibthe pedestrians by more than 2.5
times compared to the outflow from the standarde dds63 ped./s) of pedestrians
exiting from a room with exit at the middle of thlls. Therefore, the case of funnel
shaped exit with 1.5 m diameter column located.2imlhorizontal offset produced
the maximum escape flow rate based of all the casasidered above. This result
also qualifies the conclusion that the effectivesnafsa partial obstruction near the exit
in fact depends on the size of the obstructionthedarchitectural layout of the escape
area. It is not necessary thmitting a partial obstruction as near to the exipassible
will improve the outflow as stated in Section 8a2 the case of an exit at the middle
of the wall. This section has thus demonstrated with the given layout of the
escape area, one can adjust the architectural etente optimise the maximum

outflow through the egress point.

8.5 Effect of body sizes on the escape rate

In the Hillsborough crowd disaster, most of thetiis were teenagers and children
who were either crushed to death or severely idjBBC News Service 2007
Bennett 2000). This disaster highlights the vabfe greater insight into the
relationship between crushability and body sizhigh density crowds. The effect of
body size in crushability is not only important kuman crowds but has been
examined in the context of non-human organisms eikample, crushability is known
to depend on body size in sheep. Lambs/weanerd| (sinezp in large mobs) are more
likely to get squashed and crushed than largerpsieen when the mob is of equal
size. Thus, a pen full of lambs with fewer sheegater than the same sized pen of
lambs accompanied by more sheep (Casey & Hamilt980)l The need for
consideration and research on body sizes of pealestin high density environments,

particularly during ingress and egress periods bleas highlighted by Still (2000).

In order to study the effect of body sizes on tkeape rate, simulations have been

conducted where there is variability in the bodsesiof the entities seeking to escape.
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The body size of pedestrians is reflected throughdistribution of shoulder widths

which is represented in the simulation model bydiaeneter of a circle for each entity.
The distribution of the shoulder widths of the pgdans are usually in the range of
0.4m to 0.6m (Pheasant & Haslegrave 2006). Henceriduct the simulation, at first

200 persons with distribution of body sizes betw8etm to 0.5m escaping from a

15m by 15m room through 1.2m door width was considleThen another series of
simulations were conducted with composition of efiéint percentages of body sizes
between 0.5m to 0.6m within the previous populaf@insize range of 0.4m to 0.5m).

The percentages of 0.5m to 0.6m body sizes comzldamong the previous 200

pedestrians were 0%, 15%, 30%, 45%, 80% and 108pecavely. Thus, there were

6 groups of pedestrian with different body sizestaswvn in Table 8-2.

Table 8-2:Distribution of different percentages of body ssaeong six groups

Group Percentage of people with body sizePercentage of people with body

between 0.4m to 0.5m size between 0.5m to 0.6m
1 100% 0%
2 85% 15%
3 70% 30%
4 55% 45%
5 20% 80%
6 0% 100%

Ten simulation trials were conducted for each sgendigure 8-10 shows the

comparison of the flow rate for different body sizgroup. It can be seen that when
the larger sized pedestrians are introduced (gt 6), the flow rate is decreased
compared to smaller sized pedestrians (group 1¢.fiure shows that the flow rate

of people with a distribution of body sizes of pkopetween 0.4m to 0.5m (group 1)
is much higher than those with a mix of people wvaitldy sizes between 0.5m to 0.6m
(groups 2 to 6). For example, the average flow ddtpedestrians for group 1 was
1.63 ped./s while for group 6, it decreased t® @&d./s. Thus the pedestrian mix in

group 1 is 83% more efficient than group 6 in teoheutflow.
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The simulation results highlight the impact of metgeneity of the body sizes under
emergency or high-density environments. Similathe example of separation of
lambs/weaners in large mobs of sheep as mentidm@ekait is advisable to divide the
heterogeneous mix of people in the crowd to makadte homogenous in terms of
body sizes, especially in mass gatherings suchiaasums or concerts. One can for
example assign the designated place for parentshalalen, youths /teenagers, adults

and elderly people in such mass venues to prekierikielihood of crushing.

1.7 +
1.6 -
15 -
14 -

11 -

Flow rate (Ped./s)

0.8 ‘
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Body sizes group

Figure 8-10: Comparison of flow rate of pedestrians for differbody sizes group.

8.6 Summary

Modelling and empirical study of pedestrian behavionder emergency conditions is
crucial to assist planners and managers of emeygesgponse. It is particularly
relevant in current era of rapid urbanization whtre design of major spaces of
transport interchange, sporting events and maggaes activity is imperativeln this

chapter, the effectiveness of different designtsmhg to improve the escape outflow
of people was examined using insight from the sath model and the ants

experiment. The cases examined in this chapter dsimade the potential to develop
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practical design solutions to enhance crowd magbdind safety. A combination of
gualitative and quantitative analysis has providedight into the effects of
heterogeneity of body sizes, differing decisionsuilithe size and location of partial
obstructions near an exit and the consequenceasrihty movements on the escape
rate. It was shown that by making heterogeneousahpeople in the crowd more
homogenous in terms of body sizes, a substantiatdwement in the escape outflow

(as much as 83%) can be achieved. It also minintisessk of crushing.

It was concluded that the effectiveness of a paotigtruction near the exit depends
on the size of the obstruction and the architettasout of the escape area. It is not
always necessary thputting a partial obstruction as near to the egipassible will

improve the outflow. Careful design of small stuuel features can have large
potential effects on pedestrian traffic outflow. Arcrease in the escape outflow of
pedestrians by more than 2.5 times compared tcesisape outflow in a standard

situation can be achieved with small architectacjistment in a given escape area.

It was noted that when there is sudden change riectibn of the movement of
individuals moving at a high speed in a crowd, ttaild lead to delay in egress as
well as trampling and stampede. An analysis of widata of an in-store stampede
showed the consistency with the observations fiwgnaints experiment. Experimental
study of crowds under panic / emergency conditiensuch scenarios is dangerous
with investigation hampered by ethical and safetyoerns. However, with the
empirical data from panickingnts and a simulation model developed in this study
the capability to study a variety of scenarios,eptill problems, their consequences,
and the outcome and effect of turning movementsnducollective dynamics was

demonstrated.

The importance of egress design and crowd cordgrgtowing given the global trends
of mass urbanization, mega-events, terrorism ahdaladisasters. Some of the design
solutions developed in this chapter demonstrate pibientiality of the proposed

framework to enhance crowd control.
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CHAPTER 9 CONCLUSIONS

9.1 Introduction

This chapter presents the main findings of theystadelation to the aims (stated in

Chapter 1) and objectives (stated in Chapter 3)plasis is also placed on the

usefulness of findings to the researchers andipoaErs engaged in the analysis and

assessment of safety precautions for collectiveanyos of pedestrian crowds under

emergency or panic conditions. This dissertatioopéetl an innovative approach

involving integration of insights and methodologi®#®m biology and traffic

engineering to advance the use of non-human omgania the development of a

pedestrian traffic model capable of handling emecgeconditions. The specific

contributions from this thesis are mentioned belath the relevant chapter number/s

noted in parenthesis.

« New knowledge on the viability of using non-humagamisms in studying crowd
panic (Chapter 4)

« A simulation model/tool for studying crowd dynamigsder panic and non-panic
conditions (Chapter 5, 6 and 7)

« Insight into how microscopic layout changes affibet escape flow rate (Chapter
8)

The following sections present the conclusions fthis research. The conclusions are

discussed in the context of the contributions astineed above.

9.2 Contributions

9.2.1 New knowledge on the viability of using nontman organisms

in studying crowd panic

The paucity of data on incidents involving humamipahas hindered the study of

crowd panic and restricted progress in modellinig thehaviour in the past. This
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situation also raises questions about the reltstoh the predictions of the few models
that exist in literature. In this dissertation, némowledge was presented in which
empirical contributions from non-human organismaldalluminate the behaviour of
pedestrian crowds under emergency conditions tgpeosate for the scarcity of data
on incidents of human panic. Although few studiessted in the literature that
showed the potential of non-human biological orgars in the study of collective
traffic, there was a lack of knowledge on how amdvhat extent could the study of
the collective dynamics of non-human biologicalamgms be applied to the study of
human crowd panic. In this study, large potentifdats from the adjustments of small
structural features of the escape area were deratedstvia experiments with
panicking Argentine ants. These experiments refi@coriginal attempt to study the
effect of geometrical structures on the collectmevement patterns of non-human
entities during rapid egress and then translateetihesults to the study of human panic.
This has advanced knowledge of the consequencésfefent patterns of collective
human dynamics by using non-human entities to coisgte for the scarcity of data

on incidents of human panic.

The model organism approach is commonplace in rakdiesearch but not in
engineering, yet as shown in this study, it hasrmaonas potential to provide insight
and theoretical understanding of crowd panic. Itl Welp us understand what
properties of panic are inherent to the physicalineaof crowds, and what properties
depend on the idiosyncratic details. Also in bigioliftle attention has been given to
the study of the effect of nest design elementsaliective movements of social
insects. Social insect colonies face a number ofats that may require rapid
movement. These movements are often describedtajuadly and anecdotally, but
there has been little in the way of quantitativexperimental tests of nest evacuation.
The experiments reported here thus addresses ¢lapseon study of alarm traffic in
social insects as well, by drawing attention to wWider issue of the relationship
between nest architecture and internal traffic urederm conditions. It is expected
that these novel experimental studies will appealatbroad audience, including
researchers interested in social insects, nesttectlre, self-organization and traffic

dynamics and engineering.
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In this study, an effective approach was also destnated for collecting ants and
creating an artificial nest under natural condigsiavhich could then be used in panic
experiments. The proven effectiveness of that apgraepresents an advancement in
knowledge for researchers involved in the creatadnsuch artificial nests and
experimental setup for future experiments. A raofjéndings from the experiments
with Argentine ants were found to be relevant te #tudy of crowd panic. Those

findings included:

1. Contrary to expectations, the presence of a padimtruction near an exit
generally increases the evacuation rate. That wasdstrated by the experiments
where the escape rates of ants were compared f@scwhere a column
(obstruction) was either present or absent neaexite The presence of column
reduced the evacuation time by around 31%. Thespoesof a column in front of
the exit channelled the traffic in a manner that kot occur with an unimpeded
exit. One manifestation of this channelling wad thae exits (a single individual
passing through the exit rather than temporal apedf two or more individuals)
were more common when the column was present. &heffect was that the flux
of ants through the exit was improved,auerage, by the presence of the partial
obstruction. The experimental results were consistent with riethematical
prediction. Such experiments showed the enormoutenpal for testing
combinations of different architectural adjustmetttsenhance the safety of the

crowd.

2. The experiments with the exit at the middle of wadls and the exit at the corner
showed that the corner exit is more efficient thiam middle exit. The evacuation
rate was 58% higher with the corner exit compacethé middle exit. One reason
for this reduction in evacuation time was obsertede the minimization of
change in direction of escaping ants in the coaxdérdesign. For the centre exit,
ants escaping from both side walls near the extthachange their direction in
order to evacuate. That resulted in interactionth whe ants that were moving
straight towards the exit. In the corner exit, #mts escaping from the side walls

near the corner could pass through without muchglan their original direction.
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These results highlighted the consequences ofrtyimmovements in a panicking

crowd.

From ants experiment, the observations suggestctraideration of higher pre-
evacuation time (at least more than 10 secondg)siffiable for simulation in
human case. In human evacuation, total evacuaitio@ tonsists of sum of the
pre-evacuation time and the evacuation time todete exit or enclosed area.
However, limited data exists on pre-evacuation $if humans. Usually it is
ignored due to difficulty in estimating its valueassumed (usually between 0 and
120 seconds) in simulation based on modellers’ eapees. The suggestion for
inclusion of higher pre-evacuation time is suppbitg the fact that even for ants,
who are known usually to be co-operative and ndifskeby nature, took on

average 5.5 seconds to react to the event (citejreeid began to evacuate.

. Preliminary experiments with multiple exits confeththe previous findings on
symmetry breaking phenomenon (i.e. the ineffedtise of available exits) among
panicking individuals. The phenomenon was obsewidldthe different species of
ant and density in this thesis (compared to theipus reported experiments in

the literature).

9.2.2 A simulation model/tool for studying crowd dyamics under

panic and non-panic condition

This thesis developed a simulation model EmSinsfadying collective traffic based

on empirical experiments with panicking Argentimgsa animal dynamics, molecular

dynamics and pedestrian dynamics. The contributfoor® the development of the

simulation model that are relevant to the studgrofvd panic are summarized below:

It was shown that principles of the collective aaindynamics and molecular
dynamics (to some extent) are applicable for maugllcollective pedestrian

dynamics. The existence of general rules for digainagents may indicate that
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collective dynamics are emergent systems wherdemntvith limited intelligence
interact locally to produce emergent group behavwwua global scale.

Emphasis was given to the development of modethvikbnsidered the role of
both attractive and repulsive forces under paniaddmn to maintain the
coherence of collective dynamics; something whiah received little attention in
the past. Also the granular forces for pushing beha were modified to consider
the case of discontinuity when the relative velpast zero or near to zero. The
proposed model also provided insight into the malimmteractions or physical
mechanisms required for the emergence of collectiveamics and the nature of
those underlying mechanisms through experiment$ \pdnicking ants. The
model’s robustness was demonstrated by compars@bility to simulate the
collective traffic of panicking ants as well aslecotive human traffic. Despite the
difference in speed, size and other biological itkets# the panicking individuals,
the model proved capable of explaining the colNectiynamics of both ant traffic
and pedestrian traffic. This consistency suggebtd there are fundamental
features of crowd behavior that transcend the piod idiosyncrasies of the
organisms involved and that there is possibilitge¥eloping a generic model that
could explain the fundamental principles of colleetdynamics of two different
entities. It has also showed that such method gdesva very effective approach
toward systemization in fields where there is nodwgh information about the

underlying process.

. The scaling concept derived from biology was at fatsempt to scale the model
parameters with respect to body mass differencesaca size gap from ants to
humans. With this framework, there is scope to camplirectly the collective

movement patterns of non-human biological entiied pedestrians in order to
devise sound strategies to aid evacuation. Thectefémess of the proposed
modelling framework was calibrated and validatedodigh simulation of

panicking ant traffic as observed from the expentrend then scaling those up
for the human situation. The local sensitivity s& revealed that the model is

robust with respect to parameter variations. Timeukition results also showed
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consistency with the observed data (under non pawoiedition) from the
experiment with pedestrian traffic. Thus, the motwlicated its capability of
accommodating both non-panic and panic conditioitbinvthe same modelling

framework for pedestrian traffic.

9.2.3 Insight on how microscopic variations affecthe escape flow

rate

This study has provided insight into the importantenicroscopic features (within a
crowd and the space within which it interacts) iasigning solutions that are
efficacious and contribute to enhance the crowetgaResults from the panicking
ants experiments demonstrated that microscopiarestwithin a panicking crowd
can have large impacts on the escape flow rate. dduld be crucial for crowd safety.
In the absence or failure of external emergencyagars (such as the police or an
evacuation team), the immediate environment thatosvd is interacting in at that
moment are the individuals within the crowd and thgout or the geometrical
structure through which they need to escape. Irh sworst cases, by making
appropriate architectural adjustments within theaps area, there is the possibility of
changing the collective movement patterns in a tiy enhances the safety of the
crowd. In that way, we are actually generating diesign solutions from the crowd
themselves. Hence, the solution for preventing dralisasters may lie within the

crowd.

To demonstrate the impact of microscopic variatidgasthe escape flow rate,
simulation was conducted for different relevantnsces. The findings from the

simulation are summarized below:

1. The examples from the panicking ants experimentstla@ video footage of an in-
store human crowd stampede highlighted the needbetter understand the
consequences of turning movements during panigesdtawas identified that the
existence of two different directional movement@ats near the exit (straight and

turning movements) could be the primary reasontlier strong interactions and
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pushing behaviour at the exit. The simulation nssalso illustrated the adverse
impact of changes in directional movement durinective pedestrian dynamics.
Higher evacuation flows can be achieved by avoidihgrp turns in stairs or
corridors or at egress points when large numbergeople are exiting from an
enclosed area. It was also highlighted that thenddcbe some turning angles
which are more suited or beneficial for collectpedestrian traffic than others as

have been reported in the literature for the cd$maffic on ant trails.

Experimental study of pedestrian crowds under pamergency conditions for
such scenarios is dangerous with investigation leaetpby ethical and safety
concerns. However, with the empirical data fromigking ants and a simulation
model developed in this study, the capability tadgta variety of scenarios,
potential problems, their consequences, and theomé and effect of turning
movements during collective dynamics was demorestratVith such a tool, one
can develop several evacuation strategies and rdesigitions that can prevent
trampling and stampede when large numbers of pewplescaping from confined

spaces and the egress paths having abrupt chandesadtions.

. The simulation results highlighted that insertingrefully designed partial
obstructions, such as a column, near the exit mayease the outflow of the
people compared when the partial obstruction ie@tbHowever, it was noted
that the performance of these partial obstructidepends on their size and
location relative to the exit with some design egufations resulting in less flow
than was the case with an un-obstructed exit. # deamonstrated that with a given
layout (fixed area) of the escape area, adjustmietite architectural elements can
be conducted to optimise the maximum outflow thiotige egress point. It was
shown that with such small adjustments of architettfeatures, an increase in the
outflow of pedestrians by more than double (comgdcestandard case) can be

achieved within the given layout of the escape.area

It was observed that the heterogeneity of bodysstaza influence the escape flow

rate and hence the safety of people in the crowe. Simulation results showed
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that it is necessary to consider the heterogerséityre body sizes in emergency
situations or cases of high-density crowds. It mvisable to divide the

heterogeneous mix of people in the crowd to makedte homogenous in terms
of body sizes, especially in mass gatherings swhstadiums. One can for
example, if possible, assign the designated plac@drents and children, youths
/teenagers, adults and elderly people in such masses to prevent the risk of
crushing. It was also shown that by making the cromore homogenous in terms
of body sizes, a substantial improvement in thagsoutflow (as much as 83%)

can be achieved.

9.3 Future research

1.

2.

This research demonstrated that there is scopesé¢o nen-human biological

entities to study crowd behaviour under panic comas. However, the taxonomic
differences between the non-human biological ogasi and pedestrian should
not be ignored and the results should be intergréi@sed on that particular
context or study. In this dissertation, an attemvps made to develop a generic
model that could capture something fundamental @alioei dynamics of self-

driven particles in panicked crowds despite vagratiin size, manner of

locomotion, cognitive abilities, and other biologjidraits. In the future, there is
need to further explore the physical and behaviainailarities and dissimilarities

among these different entities and how they mayp teeldevelop the capability to

model the crowd panic.

The experiments with biological organisms couldobeformed for more complex
situations such as at intersections. Intersectioma a regular part of any street
network, and, in particular, intersections nearlgugpaces attract huge crowds
during special events. For example, huge crowd remaje at the Flinders
Street/Swanston Street intersection in Melbourne NMew Year's Eve.
Intersections also serve as refugee points duratgral disasters like earthquakes

and fires or terrorist attacks. It is imperative €vent managers to assess flow
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management of crowds during outdoor events ancktaware of ways to control
the crowd if emergency situations occur. A preliamn attempt to use ants for
studying crowd panic at intersections is descriledAppendix B. Using an
alternative empirical system like ants or otherldmacal agents can boost the
reliability of models predictions. These biologielitities are not human, but at
least living creatures are, literally, more lifgdi than equations, and may be
expected to behave and interact with complexities tmay not be fully captured

in mathematical models.

In this study, the simulation model provided ingighto the magnitude of the
interactions or physical mechanisms required fa &mergence of collective
dynamics and the nature of those underlying meshaiWith that, in the future,
there is the possibility of incorporation of othdtailed individual microscopic
characteristics ( e.g. age, gender, variation itkiwg speed, socio-psychological
factors) and some decision making capabilities rfare realistic predictions.
Although, it might not be possible to represent #ie complex socio-
psychological factors associated with panic in aehoan attempt should be made
to represent the dominant factors.

. There would be merit in extending the local sewisjtianalysis conducted here
which did not examine interactions between inputapeeters i.e. whether the
effect of one factor depends on the level of onenore parameters. Hence, a
global sensitivity analysis, which considers sirmn#ous changes in multiple

parameters, could be performed in future research.

In this study, scaling was treated with regarddady size/mass and maximum
speed as a large number of empirically based oelstiips describe biological
rates as simple function of body size. It woulduseful, however, in the future to
study other scaling attributes and factors (e.ditadoalancing etc.) and how they

relate to the panic escape.
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APPENDIX A
Photographs of the equipments
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Photo 1: Fluon coated plastic tubs for ant Photo 2: Ant extractor showing

collection cylindrical PVC chamber with hole
near the base (left) and four layers of
circular moulds (right)

Photo 4: Setup of circular chambers on the top
of container holding water for humidification.
The circular chamber and the container are
placed inside the Fluon coated plastic box.

Photo 3: Wooden square chambers for the
experiments. The top pair is the chambers with a
column near the middle exit and without a
column (near the middle exit) respectively. The
bottom is the chamlr with corner exi

Photo 5: Ants making nest on the humidified circula
chamber
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APPENDIX B

Preliminary attempt to study panic at intersection

150



B.1 Introduction

There is potential to use ants to simulate pedestrowds in an intersection during
panic. Intersections form a regular part of anyedtrnetwork, and, in particular,
intersections near public spaces attract huge @owdring special events.
Intersections also serve as refugee points duriegsters like earthquake, fire, or
terrorist attacks. Outdoor scenarios such as atsettion can be quite different to
indoor scenarios in terms of the extent (scale)lapout of infrastructure, the number
of exits (limited in indoor scenarios), and vaoatin walking speed . It is imperative
for event managers to assess flow management widsrduring outdoor events and
to be aware of ways to control the crowd if emeoyesituations arise. Pedestrian
traffic at intersections has not been well addréssehe literature to date, particularly
with regard to panic traffic. At intersections, amting to Helbing et al. (2002), one is
confronted with various alternating collective patts of motion of a temporal and
unstable nature. Phases during which the intesedsi crossed in the “vertical” or
“horizontal” direction alternate with phases of forary roundabout traffic as shown

in Figure B.1 (a). When two pedestrian streams ssrevidence of a ‘banding’

phenomenon where ‘bands’ of people are observedngam the same direction as
shown in Figure B.1 (b) has been reported in thkeydture (Helbing et al 2002,
Hughes 2003).

Motion  of

Bands

Motion of pedestrians

within bands

(b)
Figure B.1 Possibility of studying intersecting pedestrizmeams under emergency

conditions through experiment with panicking arttsmporal roundabout traffic in
intersecting pedestrian streams (a) (Helbing eR@02), ‘bands’ formation with two
crossing pedestrians (b) (Hughes 2003
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B.2 Preliminary Trials and Results

Some preliminary experimental trials to study crqueshic at intersection were carried
out in later stage of this dissertation. But dudinme constraints in this study, only
preliminary observations were possible. The expenit@ setup consisted of a four-
legged intersection created via wooden chambershasvn in Figure B.2. The
dimension of each leg of intersection was as below:

Length = 35mm

Breadth= 7mm

Depth = 4mm

Figure B.2 Experimental setup for intersection study

Preliminary results show that ants enhance th&apes patterns by minimizing the
mutual interactions at the central part of thersgetion as shown in Figure B.3 below.
They tend to distribute towards the nearby intdrsedeg instead of crossing each
other at the central portion of the intersectiomwdver, further experiments and
analysis are necessary to understand their peausigrof avoiding the conflicts and

integrating it into pedestrian traffic model.
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Avoidance of conflicts
at central part of
intersection by the
distribution of ants to
nearby intersection leg

Figure B.3 Preliminary experiments showing organization oftaaffic at intersection

under panic conditions

B.3 Conclusion

The preliminary results suggest there is potenwathin such experiments to
illuminate how pedestrian traffic at intersectioriecomes organized under
emergency/panic conditions. Experiments shouldes$dthe following questions in
future:

Do ants form bands similar to those described fam#&n crowds in crossing
flows? How do the ants behave under panic in angsfiows? How do they
overcome conflict in direction of two streams? Qtsagons could provide useful
information for developing strategies for efficididw of pedestrians, and may
also provide valuable input for model development prediction.

* Are any substantial improvements in traffic flonhaeved by placing barriers in
the intersection? The concept is similar to indeduations where putting
obstacles at exits breaks up the pressure gendrateahicked crowds.
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