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ABSTRACT

of thesis entitled:

‘ Crowd Management for Large-scale Outdoor Events
- Multi-Agent Based Modeling and Simulation Crowd Behaviors

Submitted by SHI Jingjing
for the degree of Doctor of Philosophy
at The Chinese University of Hong Kong
in August 2006

Crowd modeling and simulation have become an attractive scientific research area,
especially when public safety has never been so vulnerable than before. Due to the
complexity of crowd behavior, the pedestrian dynamics in large-scale outdoor events
have not caught much attention and we have not had enough knowledge to answer
the question “How to efficiently manage large number of people moving in a short
period?”. Applicable tools that can facilitate crowd management in such events are
also absent in the integration of pedestrian’s spatio-temporal behavior and their
interactions with their behavioral environment. Considering the characteristics of
collaborative works in management, the main objective of this dissertation is to set
up a framework of geo-collaborative crowd management for large-scale outdoor
events. Its focus is on modeling and simulating crowd behavior by the multi-agent

approach.

Firstly, a conceptual framework for a geo-collaborative management of crowds in
large-scale outdoor events has been proposed. This framework is developed on the
data environment which stores the information and knowledge of crowd behavioral
dynamics as well as their behavioral space. It also provides a visualization
environment with multi-modal and multi-mode interfaces for different end-users to
visualize and simulate processes of crowd behavior and events evolvement, and to
facilitate communications and decisions-making. This proposed framework has shed

light on the vision of moving crowd management towards geo- collaboration.
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Secondly, through the study on the case of “TST Firework Display”, crowd behaviors
in outdoor events have been explored and analyzed from an aggregate perspective.
Driving forces for crowd dynamics are comprehended by emphasizing the effects of
urban spatial morphology on crowd behaviors. This urban effect is represented
through pedestrian visibility differences produced by urban terrain and road networks.
In this study, the on-site observation results and the analysis on historical events were
used for summarizing the behavioral dynamics of outdoor crowds, enriching the
knowledge on crowd behavior, and providing the basis for modeling crowd behavior

in large-scale outdoor events.

Thirdly, multi-agent based pedestrian models for large-scale outdoor events
(MAPMODE) are developed from a disaggregate perspective. In MAPMODE, each
pedestrian is viewed as an intelligent agent. Due to their different roles, attractors,
policemen, buildings, roads, facilities, and emergencies are also represented by
different types of agent in the models. Three specific models are developed based on
the phases formed, including the model for crowd arrival, the model for crowd
dispersal and the model for crowd evacuation. Not only the long-term observations
and experiences on crowd behavior, but also processes of pedestrian decision-making

and spatial cognition of human behavior are combined in MAPMODE.

Finally, the platform of integration and simulation of crowd behavior (ISCB) is
developed. Ten scenarios of the event are generated to represent crowd behavior
under different conditions. It is found that multi-agent based modeling brings
additional information on crowd behavior that can not easily be observed or
estimated only through collective observations and analysis. Therefore, ISCB with
the basic requirements of geo-collaborative crowd management framework provides
the foundation to accomplish real geo-collaboration at same/different time and

same/different places.
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CHPATER 1: INTRODUCTION

1.1 Motivations

1.1.1 Crowd Safety in Large-Scale Outdoor Events

Literally defined by Collins Dictionary, a crowd is a large number of things or people
gathered or considered together, a particular group of people. Normally, a crowd often
refers to a gathering of individuals with no concern to their nationality, profession or
sex and the reason that has brought them together (LeBon, 1985). However, there is a
high risk of injury and even loss of life, whenever crowds are formed purposely for
specific objectives like celebrations, carnivals, sports games, protests and marches, or
unintentionally with no particular goals like traffic jams or shopping malls. There are
enormous forces that can be exerted on a single individual by the surrounding crowds
(Low, 2000). Crowd Dynamic Ltd has summarized about the death or injuries related
with crowding events in Table 1.1. Fires in which the mass evacuation results in death
or injury are also included (CrowdDynamcs.com). They also made statistics on
crowd-related disasters happened around the world since 1902. It has showed that
there is a serious and increasing problem with human safety arising from crowds and
crowding, especially in recent decades. Thus a proper understanding of how the group

behavior of people induces risks is vital to minimize risks in the crowding situations.

Types Dead | Injured
Stadia 593 3245
Religious 2586 | 1356
Hotel Fires 439 661
Concerts/Mass Gatherings | 1359 | 583

Table 1.1 Crowd Related Death or Injuries

Source: adapted from www.crowddynamics.com (Access on 2005/09/28)
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Within the large number of crowded events, one type of them, the event taking place
in urban areas and especially in outdoor street environments, should be paid more
attention. For example, special sport games held mainly for public participation,
recreational firework displays for improving citizen’s quality-of-life, and large-scale
celebrations or parades usually attract a huge number of people gathering together.
But deficient crowd management may probably result in tragedies, like the
following:
® Jan 1%, 1993, Lam Kwai Fong, Hong Kong, 22 people were crushed to death
on New Year’s Eve. The location (narrow streets and a sloped gradient),
poor police planning and bad weather, all of these played their parts in this
disaster (Bakhary, 1993)
® July, 2001, Akashi, Japan, at least 10 people died and more than 112 were
injured in crowd crush after a firework display.
® Feb 5™ 2004, Beijing, China, at least 37 people were killed and 15 injured
at a lantern festival. There were many people crowding to watch the
fireworks and lanterns on one bridge which spans a 100-metre canal, and

tragedy resulted.

It is hard to conceive that crowd safety can be guaranteed without the systematic
management and cooperation of all involved in events that encourage or allow
crowds to form. But, as event managers who are directly in charge of crowd safety in
these outdoor events, the police departments often need to prepare and arrange
carefully both manpower and material resources to maintain a safe event
environment with cooperation from different management sectors. It therefore seems
that they, who would normally have the first and possibly the last word on what
happens on streets, should take steps to make themselves aware of any event-related
knowledge that is helpful for their operations. Normally, operations adopted in such
events are based on the managers’ experiences, while they themselves often lack the
knowledge of crowd dynamics due to complex and ruleless human behavior.

Therefore, any insufficient management measure or ill-considered detail may
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increase possibilities of dangers. Just like the Japan event in 2001, the major crowd
safety flaws that led to the crowd crush and crowd collapse disaster are, according to
Crowd Management Strategies (Crowddynamics.com), deficient dispersal routes
without the forecasting design for the capacity of large crowds, underestimation of
the size of anticipated event audiences, lack of emergency exits on the walkway,
flawed or poorly-executed or non-existent emergency plan and failure of a timely
response to the initial signs of the impending disaster. Even through people find the
deficiency in such events, they still do not know how to improve their managements.
Just as Bokhary (1993) suggested in his final report on the Lam Kwai Fong Disaster,
efforts should be made to pool and expand event managers’ knowledge of the
problem on dealing with crowd management. While still, there are few, if any,
established tools and techniques in regular uses today capable of providing more than
a limited level of assistance to the crowd management during events. ‘Nip in the bud’
— to provide an effective crowd management for such large-scale outdoor events is

important and urgent to prevent tragedies before or when something happens.
1.1.2 Collaboratively Managing Crowds in Large-Scale Outdoor Events

Large-scale outdoor events normally are of three features. Firstly, they are scheduled
with the time-period and location. Before each event happens, both the event
managers and event participanté—-—mostly the pedestrians—know the time-period and
venue. The crowded phenomenon is also known by both. However, neither of them
will clearly know how many participants will come together, which makes the
management work difficult to be estimated. Secondly, there are a large number of
participants involved in the events and the venue occurred takes on a larger area than
on just one point, which also makes the “Scale” mean in this thesis. Normally, this
kind of outdoor events will attract thousands of pedestrians and at least several
blocks will be affected by them. Just taken the example of firework display, its
buffering zone can reach several miles in urban areas. Thirdly, these events are

carried on a street or an outdoor environment. Most of the pedestrians’ behavior will
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be limited on the ground for the purpose of safety. There are no obvious signs or
guides that can lead the pedestrians’ movements as in the built environment.
Interactions between them are the largest connections between participants which are

dominant with their behaviors.

The characteristics of such events make them complicated systems which researches
or applicable crowd management measures are relatively difficult to explore. One of
the feasible ways to manage crowds in these events is to build crowd behavioral
model. In fact, crowd phenomena have attracted attentions from various disciplines.
Since pedestrians are the components of crowds, pedestrian dynamics has become an
growing research area that covers the range of topics including pedestrian motion,
multimodal and intermodal traffic, evacuation simulation, video detection methods,
operations research and optimization, offshore vessel evacuation, requirements and
regulatiohs, and etc. (Schreckenberg and Sharma, 2002). Quite a number of
pedestrian models have been developed to investigate on different pedestrian
behavioral dynamics. From Fruin’s (1991) level-of-service concept to large number
of pedestrians models like queuing models (Yuhaski & Smith, 1989; Roy, 1992),
transition matrix models (Garbrecht, 1973), social force models (Helbing et al. ,
2002), to Al (Artificial Intelligence)-based models (Blue & Adler, 1999; Gopal &
Simth, 1990; Schelhorn et al., 1999), researchers want to find the changing -
characteristics of pedestrians and/or crowds to design or improve fhe urban facilities
or overall urban systems. However, most of the studies have taken care of human
behavior only under emergent situations. It is far from enough to apply them on
managing crowds in large-scale outdoor events which need cares on full processes of
how crowd form and disappear in normal situation, and how to evacuate crowds if
there are emergencies. As Fruin (1993) pointed out, crowd management is to
systematically plan and supervise the orderly movement and assembly of people. The
term “management” means all measures taken in the normal process of facilitating
the movement and enjoyment of people, as well as all measures prepared to be taken

in the emergent process of people evacuations. Moreover, crowd management can be
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successful only when viewed as a combination of management of all the crowds,
environment and their relationships. This is especially necessary for the large-scale
outdoor events. Geographic Information System (GIS) combined with spatial
database provides an effective solution for crowd management. It can integrate
multiple spatio-temporal data and models in large-scale geographic environment of

outdoor events to achieve management of facilities, crowds and personnel.

Furthermore, managing crowds in large-scale outdoor events is a team work
involving cooperations and collaborations, as it is not only chief managers sitting in
the control center and giving orders to subordinates, but also communicative
decision-making processes transmitted between event managers during the whole
event at same-/different- time and same-/different- location. A platform capable of
supporting communicative information transfer and group decision-making is
necessary for efficient crowd management in large-scale outdoor events.
Geographers have begun to explore the value of merging collaborative techniques
with geographic information science and technologies. As “visually-enabled
collaboration with geospatial information through geospatial technologies”
(MacEachren and Brewer, 2004), crowd management should be moved forward to
support geocollaboration. However, most of the current crowd-related research
mainly from two perspectives: crowd psychology and crowd engineering, although
there have been some of studies combing GIS to explore crowd behavior in such
events (Batty, 2002) in recent years, a framework for geo-collaboratively managing

crowds for large-scale outdoor events is still absent.
1.1.3 Spatio-Temporal Pedestrian Behavior and Interactions

When crowd safety becomes our main concern for managing pedestrians, their
behavioral dynamics should be paid critical attention to take reasonable measures in
outdoor events. First appeared in the 1960s and early 1970s, behaviorally oriented
research in geography is considered a shift in emphasis from the aggregation of the

individuals. An increase in the relative volume of research is also conducted at the
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micro-scale. Behavioral geography treats people as responders to stimuli. It seeks
how different individuals respond to particular stimuli (and also how the same
individual responds to the same stimulus in different situations), how to isolate the
correlations of those variable responses and how to build models that can predict the
probable impact of certain stimuli. By treating with individual behavior, it is believed
that human behavior is composed of external behavior and internal behavior.
External behavior are that a person really acts like walking, shopping and turning left
or right. Internal behavior are governed by human’s spatial cognition and decision
making (Gold, 1980) (Figure 1.1). It is also realized that human behavior and

interactions are limited by the spatially built environment.
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Figure 1.1: A Paradigm of Individual Spatial Cognition and Behavior
Source: adapted from Gold (1980).

However, time and space are absolutely inseparable from the intricacies of human
behavior (Golledge and Stimson, 1997). One of the earliest spatially integrated
perspectives for the analysis of human activity patterns and movement in space and
time is called time-geography. Developed by a group of Swedish geographers
associated with Torsten Hagerstrand (1970), the time-geographic perspective has

inspired generations of social scientists, especially geographers and transportation
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researchers in the spatio-temporal description and analysis of human activities.
Time-geography not only highlights the importance of space to understand the
geography of everyday life, but also allows the researchers to examine the complex
interactions between space and time and their joint effects on the structure of human
activity patterns in particular localities (Cullen et al. 1972). The scale of “time” in
time-geography could be daily, weekly, and even life-time. This kind of approach is
also called activity-based approach, which represents the spatio-temporal human
behavior based on activities they take in a period of time, but it does not consider the
interactions between different individuals, for example pedestrians. Interactions
become more important when we look down to a single event where individuals
behave within the same space and the same time-period (Figure 1.2). “Time” in this
smaller scale can be divided into “steps” that individual takes. Pedestrians in
large-scale outdoor events have respective behavioral route, while their spatial and
temporal behavior are restricted by their interactions. Exploring and modeling the
pedestrian behavior and interactions will shed light on the new way of crowd

management from a geographic perspective.
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Figure 1.2: Spatio-Temporal Human Behavior and Interactions

Source: author.

When we focus the human behavior on one single event, motivations and intentions
are simultaneously important to the conduction of behavior. Those crowds which
gather to complete a social function or a duty, are encouraged or even praised, as

performing positive human activities. However crowds have been regarded as
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somehow sinister when they gather for a political purpose (Ibrahim, 1998). Different
reasons that crowds assemble bring different crowd behavior. It is vital to understand
the nature of a particular crowd for two reasons: in order to effectively and efficiently
mobilize personnel strength and material resources, and in order to prevent
unnecessary risks of harm or violence by provoking an otherwise peaceful crowd.
Further, by increasing availability of geo-referrenced high-resolution data and
improvement in the representation and geocomputation capabilities of GIS, it is now
more feasible than ever before to operationalize and implement spatio-temporal
human activities and their interactions. Moreover, the use of GIS also allows to
incorporate a large number of geographic data that are essential for any meaningful
analysis of human activity patterns. GIS or GISci (Geographic Information Science),
as a discipline at the same time, have developed to satisfy the requirement and

support the development of pedestrian behavioral modeling.
1.1.4 Geosimulation: Agent-Based Modeling of Crowd Behavior

Pedestrian crowds are self-organized systems with the characteristics of complexity.
Complexity is a technical term in an emerging scientific and nonlinear view of the
world (Waldrop, 1992). The key insight of complexity is that, when we work with
nonlinear systems, there is a limit to our powers of prediction, even if we completely
understand the involved mechanisms. Due to this feature of human behavior, just as
the social sciences Herbert Simon (Simon, 1987) argued as the “hard” science,
pedestrian behavior is also a kind of “hard” behavior with certain kinds of hard
controlled experiment. In particular, it is difficult to test hypotheses concerned with
the relationship of individual behaviors to macroscopic regularities. The agent-based
approach originating from computer modeling techniques can help to overcome these
problems and has been largely applied in the social science research (Epstein and
Axtell 1996), like pedestrian dynamics. In this approach, fundamental social
structures and group behaviors emerge from the interaction of individuals operated in

artificial environments under rules that place only bounded demands on each agent’s
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information and computational capacity. Most of the existing pedestrian models are
built on assumptions, including utility maximization, complete knowledge and
optimality. These assumptions are also called structural models that usually represent
the movement of collective activities of population. While the human behavior is so
complex that we cannot simply represent their movement by using equations,
agent-based approach that represents the human behavior from disaggregate view is a
better way to explore the emergent behavior through expressing the interactions and

communications between pedestrians.

Agent-based modeling is a process of simulation as well, since it depicts the agent’s
growth in time. Geosimulation, geographical simulation, is a catch-all title that can
be used to represent a very recent wave of research in geography (Benenson and
Torrens, 2004). In a broad sense, the field of geosimulation is concerned with the
design and construction of object-based high-resolution spatial models, to use these
models to explore ideas and hypotheses about how spatial systems operate, to
develop simulation software and tools to support object-based simulation, and to
apply simulation to solve real problems in geographic context. Simulation of human
behavior in space is a powerful research method to advance our understanding of the
interaction between people and their environment. It allows both to examine and to
test models and their underlying theory as well as the observation of the system’s
behavior (Gimblett et al. 1997). Computational tools are now commercially available
for the simulation and design of emergency evacuation and egress. However, most
current computational tools focus on the modeling of spaces and occupancies, but
rarely take into considerations of crowd behavior and crowd interactions.
Understanding nonadaptive crowd behavior is essential to develop effective
strategies and models for safety. Agent-based pedestrian behavioral modeling and
simulation provide the alternatives for effective crowd management in large-scale

outdoor events.

Agent-based modeling and simulating pedestrian behavior to manage the crowd in
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large-scale outdoor events also brings three requirements for technology support,
which are: detailed individual-level data, high-speed calculating capability and
analytical tools that can realistically represent the complexities of an urban
environment. With the development of geographic information technologies and
science, above requirements have been rationally fulfilled. First, since Goodchild
(1999) proposed that GIS and Transportation development should move from map
view to navigation view to behavioral view, more researchers have begun to work
from the third view which explicitly deals with the behavior of discrete objects.
There are opportunities to model complex behavior by developing measures to
capture individual information and to represent thousands of individual information
provided. It also means that we have the ability to look into events from top to down,
from aggregated to disaggregated views, especially when exploring detailed
complexities of social phenomena. Second, lérge-scalc outdoor events normally will
attract thousands and even millions of participants which challenge the speed of
computation and visualization. Luckily enough that modern technologies can
overcome these problems. The same is true within the GIS discipline, especially the
geo-computation and geo-visualization. Geo-visualization, visualization of
geographic information, is the use of concrete visual representations and human
visual abilities to make spatial contexts and problems visible (MacEachren et al.
1999). There is a large number of attributes that can be used to characterize human
activity patterns. By handling these attributes, geo-visualization is a promising
direction for exploring and analyzing large and complex data sets. Through involving
the geographical dimension in the visualization process, geo-visualization greatly
facilitates the identification and interpretation of spatial patterns and relationships of

complex data of a particular study area in the geographical context.
1.2 Research Questions

Since motivations for this thesis research come from both two sides: applicable crowd

management in our daily life and academic research towards modeling and simulating

10
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nonlinear social phenomena. Research questions of this thesis work also come from
views of two perspectives: event managers and researchers. First, from the perspective
of event managers, this research needs to know “how to effectively manage large
number of people moving in a short duration”. Second, from the perspective of
researchers, they try to provide new methods and platforms to efficiently facilitate the
management, and find new knowledge on crowd behavior in outdoor events as well.
Both questions come down to build crowd behavioral models for large-scale outdoor

events.

Building crowd behavioral models firstly requires knowledge of real processes of
crowd movement in outdoor events. Specific cases are necessary to be selected as a
starting point for explorations. By examining carefully on existing cases, factors that
affect crowd movement are analyzed or calculated, especially the effects of urban
built environment on pedestrian behavior. This knowledge works as both the input
for crowd behavioral models and the references for managing crowds for event

managers.

Secondly, building crowd behavioral models need to choose appropriate and feasible
approaches that are applicable to outdoor events. Due to the complexity of human
spatio-temporal behavior, agent-based modeling methods make it easier to grasp
collective behavior emerging from individual interactions. Formalizations of
multi-agent based models should be explained in detail, including the definitions and

classifications of agents, interactions, and behavioral rules.

Thirdly, the ultimate aim of building crowd behavioral models is to provide
suggestions for event managers to make reasonable management. Platforms for event
managers to exchange ideas and communicate information will be established with
the characteristics of realizing geo-collaboration. As a platform for storing,
manipulating and representing spatio-temporal information, GIS is an effective
system to provide simulation, visualization and spatial analysis, even though it

cannot represent dynamics processes. Integrating and simulating models should be
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implemented to make experiments on crowd behavior under different scenarios when

different conditions or parameters are set.

As crowd management includes all measures taken not only in the normal phases of
facilitating the movement and enjoyment of people, also in the emergent processes of
safely evacuating people in a reasonable period of time, research questions can be
reified into following detailed questions:
® What are the dynanﬁcs of crowd behavior during different phases in
large-scale outdoor events?
® What are the driving forces for the participants’ behavior in such events?
Especially what are the effects of urban built environment on the activity
participants?
® What are the crowd behavioral models in large-scale outdoor events?
Especially what are the interactions between pedestrians and what are their
behavioral rules in outdoor events?
How to integrate agent-based pedestrian models into GIS?

® What preparations should be made for effectively managing crowds?
1.3 Research Scope and Thesis Objectives

Above research questions are going to be addressed in this dissertation by deeply
studying the case of the outdoor event “Firework Display in Hong Kong”. The overall
objective is to establish the framework for geo-collaborative crowd management for
large-scale outdoor events, with a focus on the multi-agent based crowd behavioral
modeling and simulation. Dynamics of crowd behavior in the case event are explored
and analyzed to provide the generalization of pedestrian models in the outdoor event,
which will complement the knowledge on crowd behavioral dynamics and vice versa.
Both of the dynamics and models are integrated within the crowd management which
aims to provide a geo-collaborative platform to acquire a safe environment for
pedestrian behavior, thereby managing the crowds, physical environment and

emergencies involved in the outdoor event. This platform will also facilitate decision
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making by visualizations, simulations and analysis on crowd behavior (Figure 1.3).
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Figure 1.3 Research Objectives
Source: author. '
The general two objectives of this thesis can be represented as:
(DTo find the dynamics of crowd behavior in large-scale outdoor events;
@To provide a framework for geo-collaborative crowd management in

large-scale outdoor events.

For the objective of finding the dynamics of crowd behavior, practical explorations
on the case event and experimental modeling on pedestrians interactions are adopted
to achieve the following detailed objectives, including:

®To find the real behavioral processes of crowds in the case event;

@To analyze the driving forces for crowd dynamics in outdoor events, with the

issues on the relationship between urban built environment and human behavior;

®To model the pedestrian dynamics in different phases;

For the objective of providing a framework for geo-collaborative crowd management,
specific tasks should be accomplished, including:

®To integrate crowd behavioral models within crowd management;

(@To simulate and evaluate crowd behavior in outdoor event with different

scenarios;
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®To provide analysis and suggestions for event managers on effectively

managing crowds in large-scale outdoor events.
1.4 Thesis Structure
The remainder of the thesis is structured as follows:

This chapter introduces the research motivations of crowd management for

large-scale outdoor events and outlines the objectives of this thesis work.

Chapter 2 reviews existing researches on dynamics of pedestrians and crowds from
different views. Firstly, two types of models that have been proposed and developed
in different fields are classified and reviewed which are aggregate models from
macroscopic perspective like LOS concept, queuing models, gravity models, FIST
model and fluid or continuum models, as well as disaggregate models from
microscopic perspective like social force models, cellular automata (CA) models,
and multi-agent models. Secondly, since multi-agent based modeling approach is
used in this thesis work, latest development on modeling tools and simulation system
based on multi-agent approach are emphasized and reviewed. Thirdly, evaluations on
using multi-agent based modeling methods are carried on to analyze the advantages
and disadvantages of this approach, thereby introducing rationales when adopting
such an approach into this work. Fourthly, based on the reviews; summary is made
that it is necessary to link geographic information technologies in crowd

management system when modeling spatially-explicit crowd behavior.

Chapter 3 proposes the conceptual framework for geo-collaborative crowd
management in large-scale outdoor events. After a discussion on the basic concepts
of geo-collaboration and requirements for realizing geo-collaboration in crowd
management, a conceptual framework is proposed and components within it are
detailed explained including data environment, visualization environment, interface
environment, user environment and technologies support. Methodologies used and

data collected for the case event are also elaborated.
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Chapter 4 explores the crowd dynamics in case event and analyzes the driving forces
for the formation of such dynamics. Firstly, behavioral dynamics of crowds in three
phases of pedestrian arrival, crowd dispersal and crowd evacuation are explored.
Secondly, crowd behavior in the case are analyzed which is affected by the
combination of event motivation, pedestrian’s goals, pedestrians visibilities, urban
morphology and spatial controls in the events. Understanding these crowd behavioral
dynamics makes theoretical grounds for building crowd behavioral models
reasonable and reliable, and provides quantified prerequisites for that in terms of
viewshed value that is calculated on pedestrian’s visibilities. Thirdly, through the
explorations on crowd behavior in actual events, some of suggestions are put forward
for managing crowds in large outdoor events, and dynamics of crowd behavior are
gained both as knowledge for management and as hints on modeling and simulating

crowd behavior.

Chapter 5 builds the Multi-Agent Pedestrian Models for the OutDoor Events
(MAPMODE). In MAPMODE, each pedestrian is viewed as an intelligent agent that
is the focus of the model. Multiple agents are represented with different roles of
objectives in such event mainly according to their functions, such as attractors
(fireworks in arrival phase, road exits in dispersal and evacuation phase), policemen,
buildings, roads, road blocks, and emergencies in evacuation phase. Interactions
between agents control the agents’ growth which leads to different behavioral
sequences. So first, elements within MAPMODE are defined, including agent, space,
interaction, and time. Second, a generic pedestrian behavioral model in crowded
event is built corresponding to behaviors including destination choice, route choice,
random walk, collision avoidance, and flocking behavior. Generic behavioral
framework is formed and data structure in the model is formalized. Third, three .
detailed models are developed based on the phases formed in outdoor event,
including model for crowd arrival, model for crowd dispersal and model for crowd
evacuation. Each model is carefully expounded by interactions existing and

behavioral rules formed during crowd movement. MAPMODE are formalized with
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executable algebraic specifications for simulation development.

Chapter 6 tries to integrate and simulate MAPMODE, therefore builds a platform of
Integration and Simulation of Crowd Behavior (ISCB) for geo-collaboratively
managing crowds. Design and implementations of ISCB are explained in detail for
scenario simulations. There are total 10 scenarios are experimented to represent the
MAPMODE developed in Chapter 5. Simulations further provide comparisons of
different measures taken and provide decision support for effectively managing

crowds in large outdoor events.

Chapter 7 summarizes the work done in this thesis, draws the significance and
limitations of this work, and identifies further perspectives to be done for the

finalization of the framework proposed in this research.
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CHAPTER 2 RESEARCH ON DYNAMICS OF PEDESTRIAN
CROWDS: A LITERATURE RIEW

2.1 Introduction

Pedestrian crowds have been a research interest within different disciplines for a long
period. For example, psychologists try to find the relationship between pedestrians’
psychology and behavior within a crowded environment; urban planners and
decision-makers would like to improve the urban infrastructures through studies on
different levels on pedestrian density and speed; engineers and mathematicians use
models to find the dynamics of pedestrian behavior; and geographers endeavor to
work on the spatial effects on pedestrian movement. Most of these research are partly
involved in each other, and the common objective is to reduce the crowd disaster in
terms of developing theories and technologies. As an integral part of an overall urban
system, the flow of large pedestrian crowds is likely to become more important for
safety with the population growth of our large cities. Although empirical studies on
dynamics of pedestrian crowds have been worked on for more than four decades
(Helbing, 2001) and different modeling methods and applicable systems have been
developed to try to improve the built environment and reduce tragedies that crowds
may cause, our knowledge on crowds is still inadequate and remain far behind the
development of other transport modes (Wigan, 1993). It is an important reason
accounting for few researches on the pedestrian crowds that crowd behavior is a
complex reaction induced by a series of intricate psychological decision processes.
Each person has his own choice of random direction, has no conversation of
momentum and can stop and start at will. This walking dynamics do not completely
follow the law of physics or any others. Anything including psychology seems
difficult to find its nature. But still, understanding pedestrian behavior is essential for
crowd modeling to plan and design urban establishment, and to manage public events

(Hoogendoorn and Bovy, 2002).

Nevertheless, interest in crowd modeling has many sources. Examples include
crowds associated with transport systems (Daly et al., 1991; Toshiyuki, 1993; Smith,
1993), sports and general spectator occasions (Bradley, 1993), holy sites (Al Gadhi
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and Mahmassani, 1991; Selim and Al-Rabeh, 1991), political demonstrations (Surti
and Burke, 1971) and fire escapes (Tanaka, 1991). However, even in the same
situation behavior of pedestrians varies not only with their physical characteristics
but also with their purpose as shown by Polus et al. (1983) and Pushkarev and Zupan
(1975). And in the modeling of pedestrian crowds, compared with the physical
characteristics of crowd behavior, more psychological or “social” factors related to
pedestrians are added in the models of pedestrian crowds, especially after 1990s in
order to make the models more realistic. But how to quantify these social factors are
still the main arguing themes. There is also a diversity of modeling approaches
applied to crowd modeling and improving with the development of technologies.
However, there are two fundamentally distinct philosophies for modeling pedestrian
crowds, viz. aggregate models and disaggregate models. Aggregate modeling method
treats the crowd as a group and tries to view the crowd as physical objects, for
example gravity models, fluid-flow models, continuum models (Huges, 2003).
Disaggregate models consider pedestrians in a crowd as discrete individuals and
represent pedestrian behaviors generally through computer simulation. This kind of
modeling approach tries to find the collective dynamics from a single individual
behavior, and have become an intelligent method that models the society from
bottom up. Pedestrians are modeled by using a granular material analogue (particles,
cells, agents), modeling the path to optimize their immediate local behaviors, or
restricting them along predefined globally determined paths. Both Lagrangian
simulation, whereby individuals are followed through the domain, and Eulerian
simulation, whereby an account is kept of the number of individuals in each grid box

in the domain, are used.

In this chapter, current researches on crowd modeling are firstly examined and
divided into two parts according to the modeling philosophy, aggregate models and
disaggregate models. Secondly, the Multi-Agent (MA) based modeling method and
its advantages and disadvantages are reviewed in detail, including the present
pedestrian planning tools, the existing bodies of literature, and the applicability of
present techniques and systems. Through the review, MA method is found feasible
and suitable for the crowd management in large-scale events which deals with the
pedestrian as a thinking and intelligent object. An integration of GIS and Multi-
Agent system (MAS) will give better support for spatially explicit management.
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2.2 Aggregate Models

At the beginning stage of crowd researches, models were concluded by using
regressions and other statistics, and many experiments were studied in an empirical
way. The evaluation methods were based on direct observation, photographs, and
time-lapse films. Apart from behavioral investigations (Batty, 1997; Hill, 1984), the
main goal of these studies was to develop a level-of-service (LoS) concept, design
elements of pedestrian facilities, or planning guidelines. Then increasingly, there
existed some aggregate simulation models. As pointed out in the former part,
compared to intelligent pedestrian modeling methods developed in recent years by
new information and computer technologies, aggregate pedestrian models normally
views the whole pedestrian crowds as an integral part of an urban transportation
system. They try to model pedestrian behaviors through analogies with natural
physical phenomena, like queuing models, gravity models and gas-kinetic models.
Most researches come out from transportation engineering and model the pedestrians

together with vehicles.
2.2.1 LoS for Planning and Design

The concept of LoS was first proposed by Dr. Fruin in his book “Pedestrian
Planning and Design”, in which he defined the criteria for safety standards in places
of public assembly. He defined this LoS concept where the relationship between
density and speed is stated as guidelines for comfort and safety. He proposed in his
book six levels for walkway, stairway and queuing differently, which mainly serve
for the design of roads, stairs and buildings. He argued that body depth and shoulder
breadth were the primary human measurements for pedestrian spaces and facilities.
He acquired the statistic data of a fully clothed male laborer, 22.8 inches by 13
inches (57.9cm by 33cm), which indicated the necessary square meters per person
related to his LoS category (Figure 2.1). This LoS concept is still used nowadays in
architecture or project design as the standard for many subsequent building design
and planning operations. References to Fruin have been universally accepted,
although there are surely some revisions based on LoS when applied in different
fields and countries in terms of different normal sizes of each pedestrian in different
region, for example, the Tanaboriboon data measured in busy bazaar environments in

Thailand, and the Green Guide (1997), which is used as guideline in UK.. It is
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important to note that crowd behavior on a city street with many distractions is quite
different from the stadium behavior, and quite different from emergency egress

behavior. Therefore, the LoS in different areas has different results for every level.

Fruin - Level of Service Category

Level cfService A B C D E F
Walkewrays =325 325t02.32 232113 1380093 09310045 =046
Stairways »1.85 18510139 1204093 | 0950085 08510037 =037
Cuauivg Areas »1.21 121 +0.93 093 00.65 045 w028 02810012 =0.19
& = Free Flowing D = Restricted movement for most

B = Minor Corflicts E = Restrictedmovement for all

C = Some Restrictions to Speed F = Shuffling movements for all

Figure 2.1: Fruin’s LoS Category
Source: adapted from Fruin (1973).

Based on LoS concept, Aoki and Oto developed a system, Passenger Flow
Evaluation System (PFES), in conjunction with the Japanese Research Institute
(Aoki, 1994), which is an application of the Fruin’s models with suitable adjustments
for the Japanese profiles and speeds measured in their transit systems (1.4 meters per
second for free flows and an associated graph to determine the speed in various cross
flows). Pedroute is another computer simulation system which is an extension of LoS
and relies on data being an accurate representation of the crowd dynamics in local
geometry. Pedroute has been extensively used to model crowd parameters in
underground networks around the world. But, the deficiencies of the Fruin data were
highlighted on a stadia safety conference (Stadia & Arenas 2000), in particular the
problems associated with application of the Fruin data for multidirectional concourse

areas.

In the end, the LoS concept was found better used as guidelines for design and
planning of urban roads, stairs or buildings, which usually have the form of
regression relations. However, it is not very well suitable for the prediction of
pedestrian flows in pedestrian precincts or buildings with an exceptional architecture.
Therefore a number of simulation models have been proposed, most of which are

from the views of physics and focus on the aggregate form of crowd behavior.
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2.2.2Queuing Models

Queuing phenomenon is a common feature in urban congested societies. People wait
in line for traffic jams, banking or other services. Fruin also recorded the LoS for
queuing (Figure 2.1), and there are many books written about the mathematics of
queuing theory. The basic principles of queuing models are that queues have an
arrival rate, a service rate, and a discipline. The arrival rate is the frequency and
distribution of the things arriving for a service. It may mean the number of arrivals

per hour (average) to be served and the time (average) it takes to serve each person.

The mathematics of queues is complex and application of queuing theory requires
very careful considerations. It’s an appropriate approach for modeling congestion in
vehicular and pedestrian traffic network (Smith, 1991; Roy, 1992; Okazaki &
Matsushita, 1993). There are also Garbrecht’s (1973) transition matrix models,
Mayne’s (1954) and Ashford’s (1976) stochastic models, models for the route choice
behavior of pedestrians, all of which are partly related to the queueing models. They
are suitable for lines of pedestrians waiting for services, while this kind of modeling
method did not consider the interactions between pedestrians and obviously are not

applicable for modeling crowds in a square or in more complex surface environments.
2.2.3 Gravity Models and Spatial Interaction

When modeling large-scale population movement or migration, researchers began to
find the spatial effect on the behavior to model the pedestrian’s mobility. Gravity
model is such a mathematical model based on an analogy with Newton's
gravitational law, which has been used to account for aggregate human behaviors
related to spatial interaction, mainly including migration, traffic flows and shopping
activities. Social scientists have been using a modified version of Isaac Newton's
Law of Gravitation for decades to predict movement of people, information, and
commodities between cities and even continents. The gravity model takes into
account the population size of two places and their distance. Its main idea is that

larger places attract more people, ideas, and commodities than smaller places, and

places closer together have a greater attraction. George Zipf's EP, /D, hypothesis is
probably the most widely accepted form of the gravity model which implies that

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



migration between two cities i and j is proportional to the product of the two cities'
populations and inversely proportional to the intervening distance, which can be
represented as the following formula:

PP,

I, =k—*
bJ b
Df,}'

Gravity model and spatial interaction techniques are major methodologies in the
early investigations (Batty 1976). A handful of pedestrian demand models were
developed in the 1960s and 1970s for forecasting pedestrian flows and prioritizing
pedestrian improvements in CBD areas, for example, Ness, Morrall, and Hutchinson
(1969) applied the gravity model to forecast pedestrian volume in the Toronto area.
More refined expressions of the model are used in order to predict needs in transport
infrastructure. Although under various forms, the gravity formulation of spatial
interaction is integral in numerous complex models, it generally summarizes the
regional movements occurring in an environment where mobility and accessibility
are relatively homogeneous and normally models the movement of two or more
groups of pedestrians. Although quite useful from a practical standpoint, the gravity
model is a poor model from a theoretical standpoint. Besides, it is a static model,
which does not take into account evolution of configuration, in particular the one
generated by the flows. Thus these early efforts of modeling were at a rather coarse
scale to show the intensity of interaction between the origins and destinations of
journeys. They might lead to unexpected obstructions due to mutual disturbances of

pedestrian flows.
2.2.4 FIST Model

The model that we should never neglect in so many mathematical models is the FIST
model. Pedestrians have abilities to think, and their behaviors are a complex
cognition process. Often, different pedestrian objectives result in different behaviors.
Fruin proposed in his FIST model that social-psychological factors should be
considered when exploring the crowd dynamics, although it was only a conceptual
model. This model was originally presented at the First International Conference on
Engineering for Crowd Safety held in London, England, March 1993. A simple

model with the acronym "FIST" was proposed to provide a basic understanding of
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crowd disasters. The acronym elements are defined as the crowd Force (F); the
Information (I) upon which the crowd acts; the physical Space (S) involved, both in
terms of individual density and larger scale architectural features; and Time (T), the
duration of the incident. He argues that crowd will behave in different characteristics
under the stimuli of different socio-psychological factors originating from activity
natures. The model was used to illustrate crowd characteristics, to develop guidelines
for the prevention of crowd disasters, and step forward to adding social facet into
pure mathematical or physical models. FIST concept forecasts the importance of

adding social-psychological factors within pedestrians or crowd behavioral models.
2.2.5 Fluid or Continuum Model of Pedestrian Flow

Henderson was the first one who conjectured that pedestrian crowds behave similar
to gases or fluids (Henderson, 1971; Henderson, 1974). The similarity of the motion
of pedestrian crowds with the motion of ordinary fluids can be best found out by a
comparison between quick-motion pictures of pedestrians and streamlines of fluids.
However, his work started from the conventional theory for ordinary fluids, and
assumed a conservation of momentum and energy to be fulfilled. In contrast to
Henderson’s approach, Helbing (1992) developed a special theory for pedestrians,
without the unrealistic conservation assumptions, on the mechanism of relaxation to
equilibrium, the role of “pressure”, the special influence of internal friction and the
origin of “temperature”. Additionally, Helbing (1998) found that at medium and high
pedestrian densities the motion of pedestrian crowds shows some striking analogies
with the motion of gases and fluids. Those include viscous fingering, propagation of
shock waves in dense pedestrian crowds and pedestrian-free bubbles. Some
interesting results are also derived that can be compared to real situations, for
example the development of walking lanes and pedestrian jams, the propagation of

waves, and the behavior on a dance floor (Helbing, 1992).

The fluid model became more realistic when sociological issues appeared in the
models (Huges, 2002). Unlike a classical fluid, a crowd has the ability to think. The
present sociological view of crowds is that unorchestrated crowds are rational and
can therefore be expected to abide by scientific rules of behavior (McPhail 1991).
The continuum model was proposed by Hughes (2002&2003) which is based on the
following three hypotheses: first, the speed at which pedestrians walk is solely
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determined by the density of surrounding pedestrians, the behavioral characteristics
of the pedestrians, and the ground on which they walk; second, pedestrians have a
common potential that they face to reach their common destination, thus any two
individuals at different locations having the same potential would see no advantage
to exchange places; and third, pedestrians like to minimize their estimated travel time
but restrict this behavior to avoid extreme densities, and this restriction is assumed
that pedestrians like to be separable, thereby minimizing the product of their travel
time as a function of density. A full explanation may be found in publications of
Hughes (2002). In his research, the model has been used to provide possible
assistance in the annual Muslim Hajj, to understand the Battle of Agincourt, and to
locate barriers that actually increase the flow of pedestrians above that when there

are no barriers present.

Ed Galea (1997), University of Greenwich, also adopted fluid dynamical models and
coupled these with discrete virtual reality simulations of human movements. His
product, Exodus, has been used in a number of major projects, worldwide. Exodus
was designed to simulate the evacuation of large numbers of individuals from large
multi-floor buildings. The model tracks the trajectory of each individual as they
make their way out of the building or are overcome by fire hazards such as heat and
toxic gases. The model is a collection of 20 attributes that fall into four categories:
Physical (age, weight, gender, agility), Psychological (patience, drive) positional
(distance travelled) and hazard effects (FIN, FICO2, FIH). However, a realistic gas-
kinetic or fluid-dynamic theory for pedestrians must contain corrections due to their
particular interactions (i.e., avoidance and deceleration maneuvers) which, of course,
do not obey momentum and energy conservation. Helbing’s fluid model has also
begun to add in the individual behavior although based on the aggregate pedestrian
flow, but still does not consider the social factors between individuals until his Social
Force Model.

2.3 Disaggregate Models

Aggregate models are quite applicable for regional population movement or
pedestrian flow in transportation system but do not consider the interaction between
individuals. When in a more crowded environment and local-scale events, forces that

are produced among individuals will make great functions to models, i.e., the object
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avoidance. At the same time, with detailed or high-resolution data easier to be
acquired and the simulation technologies have increasingly developed to deal with
large amounts of information, researchers have realized the advantages and
importance to build micro-scale models of pedestrian dynamics. In these
disaggregate models, every pedestrian is treated as a particle, cellular or an agent,

and detailed interactions between individuals have been considered.
2.3.1 Self-Organized Social Force Models

Self-organization means the phenomena by which a system self-organizes its internal
structure independent of external causes. It is a fundamental property of open and
complex systems. Such systems exhibit also phenomena of nonlinearity, instability,
fractal structures and chaos. After several years of studying on pedestrian motion and
evaluations on a number of quick-motion video films, Dirk Helbing (1998 & 2002)
found the self-organized phenomenon on the pedestrian crowds. He and his
colleagues Farkas, Molnar, Vicsek concentrates on developing a micro-simulation of
pedestrian crowds, which considers each pedestrian as a Newtonian particle subject,
and is the first to add both physical and social forces on dynamics of pedestrian
movement. The model was also called Helbing-Molnar-Farkas-Vicsek (HMFV)
model in name of the four researchers. The social force concept of pedestrian motion
can shortly be described as following: Pedestrians are used to the situations they are
normally confronted with, their behavioral strategies are determined by their
experience which makes reactions to a certain stimulus (situation) be the best, and

therefore, their reactions are usually rather ‘automatic’ and well predictable.

The main strength of the social force models is based on the notions of social
repulsive forces that keep pedestrians at a distance from each other. In the HMFV
model, each pedestrian feels and exerts two kinds of forces, social and physical, on
others. The social forces do not have a physical source; rather, they reflect the
intentions of a pedestrian not to collide with other people in the room or with walls
and also to move in a specific direction (like, toward and exit) at a given speed.
When the crowd’s density becomes so high that pedestrians are forced to collide, the
physical forces of pushing and friction enter the picture. Thus, the force exerted on

pedestrian i by pedestrian j has the following form:
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f ij = f social repulsion + f pushing + f friction

Using this social force model, they simulated different situations, got comparison
with the simulation results, and summarized that the HMFV model was able to
explain the formation of the observed self-organization phenomena (Helbing, 2000):
lane formation in both uni- and bi-directional traffic, oscillations of pedestrian flux a
door through which pedestrians are trying to pass in opposite directions and
inefficient use of alternative exits when the panic parameter is either too small or too

large (Figure 2.2).

Figure 2.2c The pedestrian trajectories show that, in the case of two alternative passages, each
door is occupied by one walking direction for a long time period.

Figure 2.2: Self-Organization of Crowd Dynamics
Source: adapted from Helbing (2000).

Social force model made a great step forward within crowd modeling, not only in a
micro-scale way, but with the socio-psychological factor added in. This model allows

pedestrians to move continuously in a part of the 2-D surface representing a street, a
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room, and so forth. However, this kind of models do not provide pedestrian with any
“intelligence” or decision-making capabilities. The output of pedestrian model could
become even more realistic if some amount of “decision-making” capacity were
assigned to the pedestrians. Based on it, Lakoba, Kaup & Finkelstein (2005) made
some modifications by preventing overlapping among pedestrians and the Forces in
the HMFV model to produce a more realistic behavior of an isolated pedestrian or a
small number of pedestrians while maintaining the realism of the original HMFV

model to simulate large crowds.
2.3.2Cellular Automata Models

Social force models and other aggregate pedestrians models are complex since from
a view of physics, and often simulate a limited number of pedestrians, while in
reality, large crowds consist of hundreds or thousands of individuals that require
simple models to provide an accurate description of reality. One such class of models,
so-called cellular automata (CA), has been used in the researches on crowd dynamics.
CA are simple spatial processing models with their origins in the early architecture of
digital computers designed in the 1940 and 1950s. Cells arranged evenly on a
tessellated grid-space, cell states, neighborhoods, transition rules and time consist of
CA models. The individual cells in CA are occupied at any given time by a discrete
state, e.g., full or empty, alive or dead, one or zero. Each cell has a neighborhood of
adjacent cells that surround it. Neighborhoods are commonly characterized as either
being 'Moore' (the cell in question and the eight surrounding cells that border it) or
'von Neumann' (the cell in question and its four cardinal neighbors) (Schadschneider

2001). Cells evolve according to their transition rules with time steps.

Cellular automata for pedestrian dynamics can be seen in models proposed by
Klupfel (2000), Blue (1998), Fukui (1999) and etc. Most works have focused on the
occurrence of a jamming transition as the density of pedestrians is increased. They
have only nearest-neighbor interactions, except for the generalization proposed in
Klupfel’s (2000) which is used for analyzing evacuation processes for on-board
passenger ships. The other models use a kind of “sublattice-dynamics” which
distinguishes between different types of pedestrians according to their preferred
walking directions. Such an update is not easy to generalize to more complex

situations where the walking direction can change. Schadschneider (2001) proposed
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a 2-dimensional cellular automata model that is able to reproduce collective effects
and self-organization encountered in pedestrian dynamics. This is achieved by
introducing a so-called floor field which mediates the long-range interactions
between the pedestrians. This field modifies the transition rates to neighboring cells.
It has its own dynamics (diffusion and decay) and can be changed by the motion of
the pedestrians. Therefore the model uses an idea similar to chemotaxis, but
pedestrians follow a virtual rather than a chemical trace. Besides, Egress (SRD AEA
Technology) system (Ketchell, 1993) is a pedestrian behavioral simulation system
based on cellular automata approach in which the transition of people from cell to
cell is based on the occupancy of the grids. They use artificial intelligence techniques
to determine how a pedestrian will react in a variety of circumstances including fire.

They mainly rely on the relationship:

F (p) =p * v(p) (Flow rate = Density * Speed)

In CA models, space, time and state variables are discrete, which makes them ideally
suited for high-performance computer simulations. One important point is that CA
are discrete from the beginning. This discreteness is already taken into account in the
definition of the model and its dynamics. This allows obtaining the desired behavior
in a much simpler way. Challenges also exist for CA modeling. The key difficulties
are already apparent, including issues of cellular model calibration, their capacity to
represent top-down processes, the meaning of transition rules and their match with
theoretical knowledge of how we understand urban systems, as well as the
ramifications of tinkering with the formalism that works so well for many closed

physical systems.
2.3.3 Multi-Agent Based Pedestrian Models

Since late 90s agent-based simulation (or system) has been used to model pedestrian
flows at very fine scales of each individual agent. Agent-based models have emerged
for many reasons. First, programmiﬂg has become more object-oriented with
individual events and artifacts treated as classes, whose behavior can be explicitly
simulated. Second, fine-scale data on locational geometry, on the disposition of
activities in cities, and on flows of walkers, are becoming available from various

sources: remote-sensing, automatic counting, geo-demographic surveys for
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marketing purposes, and the integration of hitherto separate data sets in the public
and private sectors across a range of spatial scales. Third, our ability to compute is
doubling according to Moore's law (Batty, 2000). Fourth but most important, new
ways of articulating social systems by using ideas from complexity theory have
developed over the last 15 years. These are beginning to merge with similar
developments in far-from-equilibrium physics, thus giving this field a sharper edge

than anything in the social sciences hitherto.

Originating from computer science, agent was formalized the definition “a system
situated within and a part of an environment that senses environment and acts on it,
over time, in pursuit of its own agenda and so as to effect what it senses in the
future” (Franklin and Graesser, 1997). Agent based models have some properties.
Firstly, agents operate within environments, where they are uniquely adapted just as
there may be more than one type of agent or one kind of environment in a simulation.
In this context, the kinds of environment are distributed by their nature. To an agent,
its environment not only means the environment where it is situated, but also an
environment from other agents. Secondly, the ways in which agents ‘sense’ and ‘act’
in their environment are central determinants of the behavior which is to be modeled.
Agents can be classified in many ways: a key distinction is between ‘reactive’ agents
and ‘cognitive’ (or deliberative) agents. The difference is with respect to the
conditions which drive the ‘senses’ and ‘actions’ of the agent. In the urban pedestrian
modeling, agents range from the most ‘passive’ agents that are essentially reactive, to
agents that display the kind of intelligence and foresight that they associate with
themselves by their own cognition. However a central feature of whatever class of
agent we are dealing with in multi-agent pedestrian modeling is their ability to
communicate which enables them to interact, directly or indirectly with one another,
as well as sense and respond to their environment. Interaction between agents can

thus take place through the environment which acts as the intermediary.

For the General Framework of Multi-Agent Pedestrian Behavior Modeling, most
researchers often get hints from software which provide platform for agent-based
modeling. We can first take a look at the structure of StarLogo. It consists of three
elements: turtles which are agents, patches which constitute the cells of the

environment, and the world view which is called the observer. Interactions can occur
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between turtles, between turtles and patches, and between the observer and each of
these elements. These interactions are largely visual, economic, or chemical in terms
of the functions that enable them. Agents move according to their heading angle but
various distance operators are available. There is no central coordination in the
software fof the observer to simply act to pass global information down to patches
and agents and to organize the software displays. A picture of how the framework

operates is given in Figure 2.3.

The Qbserver?
World View

Parches/
Lvironment
Variables

Figure 2.3: The Turtle-Patch-Observer Structure of StarLogo
Source: adapted from http://education.mit.edu/starlogo/ (Access on 2006/06/20).

In agent-based models, there are several thousand agents who interact and
communicate each other in an environment. This kind of modeling and simulating
method has rapidly applied in the field of social science. Researchers find that the
paradigm of agent-based modeling and simulation fits quite well the complex social
activities. A very early example was developed by Reynolds (1987) to simulate
flocking amongst birds for computer animation. The same kinds of behavior can be
used to simulate the way ants find and are attracted to a food source, the way
investors gravitate to and from rising and falling of stock markets, and the way
humans respond to emergencies in closed spaces. This latter example illustrates why
such agent-based models are so important in simulating evacuation strategies, which
represent another form of pedestrian movement (Helbing et al, 2000). People from
geography filed began to use this method to model pedestrian movement, because of
the nature of spatial-temporal human behavior. Using state of the art techniques of
agent-based simulation and GIS, researchers have developed various models for
pedestrian movement in town centers (see a special issue in EPB; Batty 2001). Many
others are involved to use agent-based approach to model pedestrian dynamics. The

Center for Advanced Spatial Analysis (CASA) has a workgroup researching on the
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agent-based pedestrian modeling and simulation. Many research results have been
published or reported (Haklay, 2001; Jiang, 1999; Batty, 1998; Batty, 2002). The
next section will mainly review the latest development of multi-agent based

behavioral modeling and simulation of pedestrian crowds.

2.4 Latest Development on Modeling Tools and Simulation System Based on

Multi-Agent Approach

Intelligent individual modeling methods make crowd modeling break through pure
physical models into more socialized and rational models. This bottom-up approach
mainly focuses on and integrates multiple factors on pedestrian behavior, especially
multi-agent based modeling tries to let each pedestrian as intelligent as in the real
world. This has attracted many researchers from different fields and made it an
interdisciplinary issue. After more than ten years of researches, the models of

pedestrian crowd have been improved.
2.4.1 Sugarscape

Sugarscape (Epstein and Axtell, 1996) is a good example that demonstrates how
social structures and group behaviors arise from the interactions of individuals. It is
part of the 2050 project, a joint venture of the Brooking institution, the Santa Fe
institute, and the World Resources Institute. It is the beginning of using Al on study
of social science. Although the work does not directly relate with the study on crowd
dynamics, it can help in understanding and developing intelligent behavior of
pedestrian crowds. Quité a few pedestrian and crowd modeling researches find and
adopt the research results. By using MA technology, fundamental collective
phenomena such as group formation, foraging, cultural influence, combat and trade
have been seen to emerge from interactions within a single population of agents that
follow simple local rules. Figure 2.4 describes the agents, agent attributes, and
simulation scene in Sugarscape. Agents in this model are born with a vision, a
metabolism, and other genetic attribute. So, they can look north, south, east, and west
of their current positions and can also see things at a distance. They move in search
of sugar according to simple rules. Since this research, it is found that a wide range
of social or collective phenomena can be made to emerge from the spatio-temporal

interaction of autonomous agents operating on landscapes under simple local rules.
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Although the behavior in this system goes beyond how pedestrians actually behave
in urban environment, it (and other studies on artificial society: Resnick, 1994;

Gershenson, 2000) has influenced the study to learn more about behavioral issues.

Figure 2.4a: Sugarscape with Agents Figure 2.4b: Agent Vision

Souce: adapted from Epstein & Axtell (1996) Source: adapted from Epstein & Axtell (1996)
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Figure 2.4c: Simulation Scene- Foraging: Agents Swarming Sugar

Source: http://www.discovery.com/area/science/life/day01.html, (Access on 2002/09/25).

Figure 2.4: Sugarscape: Yellow Areas Represent Sugar, Red and Blue Dots are Agents

2.4.2 TRANSIMS (Transportation ANalysis and SIMulation System)

Although not particularly modeled for pedestrian simulation, TRANSIMS is an
agent-based simulation system that is capable of simulating the second-by-second
movements of every pedestrian and every vehicle through the transportation network
of a large urban area (http://transims.tsasa.lanl.gov/). The system can also simulate
and analyze traffic impact, congestion and vehicle emissions that can be thought of a
virtual world that mimics the traveling and driving behavior of real people in an
urban system. With advanced computer technologies, TRANSIMS can model the
activities of up to 200,000 individual travelers with detailed transportation networks
and households. More recently pedestrian behaviors have been well studied with
some experiments in TRANSIMS (Therakomen 2001). The system provides a series

of integrated transportation and air quality analysis models and attempts to simulate
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the aspects of human behavior that are relevant to transportation planning. Models

within that system use a multi-actor approach.

However, this system is mostly used for transportation planning or travels of home-
work activities, and the pedestrian model does not contain models of cognitive
aspects of human spatial behavior (Frank, 2001; Torrens, 2001). Introducing agent’s
autonomy and cognitive spatial capabilities in simulation models would offer new
possibilities for the analysis of phenomena resulting from the decisions and actions
of a large number of actors who interact with their spatial environment and other

actors.
2.4.3 STREETS

STREETS model is an agent-based pedestrian model simulating pedestrian
movement in town centers. In this model, Schelhorn et al. (1999) argue that
pedestrian movement is affected by configurations and location of attractions, which
begins the viewing of human behavior from the perspective of geography. And a two
stage model for investigating pedestrian behavior in urban centers is presented,
focusing on the division between the two stages: the first stage using GIS-based
socio-economic data to populate, and the second stage which is an agent-based
dynamic model of pedestrian activity. Features of the environment (e.g. buildings or
pavements) and pedestrians are modeled as agents and their attributes are
automatically derived from several GIS data sets (e.g. socio-economic data, street
networks). Pedestrian agents emanate from gateways and move between pre-
assigned way points. On their way they are ‘distracted’ by other agents and their
route vis modified by attributes like °‘walkability’ or ‘fixation’. However, the
STREETS model is essentially a meso-scopic agent-based model of large urban areas,
some of the agent navigation behavior is unreliable, and some group behavior has not
been incorporated into this model. At the same time, the matching of buildings with
agents and the problem of setting values of building attractiveness needs further

development.
2.4.4 PEDFLOW

PEDFLOW is developed by a team at the Transport Research Institute, Napier
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University. It is a multi-agent micro-simulation tool that is used to study the
conflicting pedestrian flows on a section of sidewalk or in an opén or enclosed space
with obstacles. The main objective of this model is to aid the design of pedestrian
networks and facilities in urban areas (Kukla et al., 2001 & 2003). In this model,
pedestrians are modeled as autonomous agents moving to a predetermined goal and
reacting to obstructions (e.g. bus stops, other agents) according to a set of behavioral
rules and each pedestrian is represented as capable of making its own decisions based
upon a part of the observable scene local to that pedestrian. Objects in an object-
oriented environment are used to represent entities in the real world (e.g. buildings,
lamp posts). The location of these entities is described as their index in a two-
dimensional array that can be interpreted as a grid or co-ordinate system with the
smallest unit of 0.5 meter. Movement is a change of position to an adjacent grid
coordinate and an associated delay time, which is considered a step or activation.
Agents will re-evaluate their environment with their each activation, and only
minimal state information is kept. A shared data structure is used to record the
current position of every pedestrian as well as location information about obstacles
and the pavement. Displacement behavior is specified in the form of rules which take
into account a number of parameters such as preferred gap size, desired walking
speed and personal space measure. In order to ensure the rule set represents veridical
behavior, the rules originate from computer aided analysis of video footage and are
transformed into a form that can be efficiently processed by the agent. By adding
tools to extract measures of pedestrian flow, the PEDFLOW model will be made
useful to urban planners to evaluate infrastructural changes intended to promote
walking in the urban environment. In this model, “walking with a partner” effect has

been considered.

Although the context-mediated behavior approach is very flexible, it makes high
demands on computational power, because only one of all possible actions generated
per step is executed. The number of possible contexts, their complexity and the non-
determinism of the random choice makes it hard to calibrate and validate the model.
And this model is better for simulating pedestrian flow especially at crossings than

complex interactions in a crowded environment.
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2.4.5 Alpsim

Alpsim is a multi-agent based simulation that models what tourists do. It is a model
of planning with virtual Alpine landscapes and autonomous agents (Gloor, Mauron
and Nagel, 2003). Eventually it is hoped that the agents although living in a virtual
world will be able to plan different activities and scenarios for tourism. These agents
will “see” the proposed changes in the landscape and react accordingly. It considers
the physical and the mental world completely separately. The most important
modules of the mental layers are Route Generator, Activity Generator, synthetic

population generation, View Module, Agent Databases, and Viewers.

But in this system, Route Generator is not enough to make agents walk around
randomly; for realistic applications it is necessary to generate plausible routes. The
module of Activity Generator can compute routes, as the route generator does, but
only makes sense if one knows the destinations for the agents. In the synthetic
popiﬂation generation module, the agents are generated. This includes demographic
attributes to each agent, such as age, gender, income, etc. but some demographic
information about the tourist population in the area of interest is entirely random.
Agent Databases connect all of the modules in the system, the modules so far are
capable of generating plans, and the mobility simulation is able to store exactly one
plan per agent and execute it. There should, however, also be a place where plans
and in particular their performance is memorized, so that memory can be retrieved
later. Viewers are built so that they directly plug into the live system. This type of
model owns the advantages of involving part of mental factors of tourist behavior,
but are not suitable for large scale crowd simulations like pilgrimages where the
agents would react mentally (using the mental layers below or additional ones) to any

proposed changes of their physical environment.
2.4.6 Mouse.class

Mouse.class is a Java-based class used for experiments on exploring dynamic
behavior in urban places (Therakomen, 2001). This study is based on the principle
that the complexity of an urban system can be understood through the local
movement of individuals, resulting from an interaction of an individual's visual

perception and motivation, as well as the social interaction among individuals. There
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are, of course, many systems that cannot be characterized in this way but local
movement patterns and spatial behaviors in small scale built environment appear to
fit the approach rather well. Local movements, in this context, are heavily influenced
by idiosyncratic factors such as physical obstructions around which pedestrians must
navigate and immediate response to attractions.  MouseHaus Table is a
computationally enhanced physical environment that supports collaborative urban
design discussion. The system consists of a custom-made table with a rear projection
screen, a video camera, projector and a simple pedestrian simulation program.
MouseHaus Table provides a physical interface that enables participants who have
no previous computer experience to interact with a pedestrian simulation program.
Input consists of inputting information by using pieces of cut coloured paper to
represent buildings etc. These are then incorporated into the computer and a
pedestrian model then reacts to the design. It is more effective than using a mouse to

input data.
2.4.7 SIMPED

SIMPED tries to use agent-based approach to simulate pedestrian flows in virtual
urban environment (Jiang, 1999). The aim of this model is to provide a suite of
computer tools for urban design and planning using the GIS platform. It is part of
CASA VENUE (the Virtual Environment for Urban Environments) project.
Integrated with the researches on local movement using agent-based simulation
(Batty, Jiang and Goodwin, 1998), the SIMPED simulates the impacts of
morphological structure on pedestrian movement in urban cities. A virtual
environment with virtual humans is constructed using software Starlogo. Agents in
SIMPED have attributes of speed (up/down), heading directions (0-360) and
movement (forward/backward). Buildings in real environment, for example churches,
hotels, monuments, and etc, are represented as objects in simulated environment.
Figure 2.5 is the virtual environment built in SIMPED and one of the snapshots of
simulations of pedestrian movement. Two modes of pedestrian behavior, random
walking and purpose walking, are simulated in SIMPED. The result shows that MA
simulation is capable of providing a valuable tool for study on pedestrian movement
in urban area. However, the results at this stage still seem inconclusive. Since

SIMPED is based on a kind of local interaction, pedestrian agents can only see one
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step ahead and they have no ability to improve their behaviors intelligently. In
addition, only one type of agents is defined in this model and interacts with other
static objects, which makes the model lack of flexibility. This work, so far, may not

be sufficient to model pedestrian behavior in real urban environment (Jiang, 1999).

oA % v

Figure 2.5a: the Virtual Environment in ~ Figure 2.5b: A Snapshot of Pedestrian’s Movement in
SIMPED SIMPED

Figure 2.5: Illustration of SIMPED
Source: adapted from Jiang (1999).

2.4.8 The Notting Hill Carnival Public Safety Project

This project is a cooperation work between CASA and Intelligent Space Company,
and aims to examine public safety for the Notting Hill Carnival (Batty, 2002). The
Notting Hill Carnival is the single largest operation which the Metropolitan Police
undertakes. Carnival events, due to their nature, comprise large numbers of people
which constitute crowds. It’s an outdoor event in which crowds are the main focal
points and their safety and the risks of disorder are the primary concerns. This project
tries to study on the carnival event, understand the nature of the crowds in such
events, and plan effectively for them. Crowding is a critical problem with conflicts
between the parade, moving vehicles, and pedestrians, with dense crowds around the
fixed sounds systems (bands). In this project, MA based models have been built to
examine how crowds move to the Carnival and within the streets of the Carnival area,
and a two stage simulation model is developed to test the interactions between MA.
So, thorough this research, alternative routes for the parade that seek to minimize the

problems of congestion are found and proposed. This research deals with crowd
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behavior in large-scale outdoor events by building simple individual behavioral rules
for pedestrian agents. But the simulation in this project is not complete since spatial
controls are not integrated and simulated, and has not considered the geo-
collaboration in practical crowd management. But still, it is a good starting example

for focusing on crowd safety in large outdoor events.
2.4.9 MAGS Project

The MAGS project is supported by the Network of Centers of Excellence in
Geomatics, Defense Research and Development-Valcartier, the Natural Science and
Engineering Council of Canada and le Fonds Québécois de Recherche sur la nature
et les technologies. It is project providing the platform for multi-agent geo-
simulation (Moulin, 2003). Since current available systems for crowd and pedestrian
flow simulation rely on very simple agent movements on grids, they often do not
take into account terrain characteristics and environmental factors that may influence
the agents’ perception and navigation. In addition, agent’s decision making
capabilities are quite basic and group behaviors are non existent or at best very
simple. So in the MAGS project, a generic software platform for the creation of
multi-agent geo-simulations is developed involving several thousand agents
interacting in virtual geographic environments and endowed with spatial cognitive
capabilities (perception, navigation, reasoning). Perception and navigation are the
two fundamental spatial cognitive capabilities available to MAGS agents. The
current MAGS system and its application to the simulation of crowd behavior as well
as the potential of this kind of approach for various kinds of simulations in which
agents should exhibit plausible cognitive spatial behavior. The MAGS system is not
fully completed and optimized. The MAGS teams are still currently working on the
development of the scenario specification module and on the agent’s spatial memory
capability. They are also exploring various alternatives to distribute the computing

load on networked computers.
2.5 An Evaluation of Multi-Agent Based Modeling Methods

As an individual-based modeling method, multi-agent modeling needs to know the
basic attributions of individuals. This is particularly different from traditional crowd

research, since behavior of pedestrian crowds is a complex system involving too
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much individual differences and psychological and cognitive information. It is a hard
task for researchers to solve the problem of obtaining real-world individual data,
while they have started observing and collecting this kind of data. As an individual-
based modeling method, it has the limitation of Analytical Intractability that needs
careful treatments during the computation. And validation is still an issue that crowd
models are facing with. Although arguing has never been stopping, this individual
and intelligent behavioral modeling has become an intriguing way of representing
spatio-temporal human behavior when we focus on a local activity and simulating

large number of crowds for better management.
2.5.1 A New Perspective from Microscopic Individual-based Modeling

The biggest problem with modeling in social science as it emerged in the 1950s was
the aggregation problem. Most models were aggregative, built from the top-down.
Although there were also some micro-scale models, they were generic, like the
theory of the firm. These models cannot explore the exact interactions between
pedestrians as the requirement of knowing the pedestrian dynamics increases. The
notion of microscopic individual-based modeling method emerges as an approach of
modeling from the bottom-up. It is a basic tenet of complexity theory and become
possible computationally when enough individual actors can be simulated to provide
predictions of more global structure from local action. Crowd behavioral modeling

fits this notion of agent-based modeling almost literally.

Individual-based models are a subset of MAS which includes any computational
system whose design is fundamentally composed of a collection of interacting parts.
Individual-based models are distinguished by the fact that each "agent" corresponds
to autonomous individual in the simulated domain. Microscopic techniques provide
insight on the behavior of a system under a wide range of conditions. It is an
excellent discovery tool and can provide valuable information over a wide range of
behavioral inputs and allows operators to test sections of their environment for
behavioral dynamics. New approaches based on modeling individual objects, agents,
and particles take a very different view of probability than that used in more
traditional models. It is already to be known the limits to predictions on human
systems that the search for total predictability is a myth. Even in the physical

sciences, predictability is a subject fraught with controversies in that only with
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complete control can such predictability be assured. In real systems, this can never be
the case. New developments in complexity, uncertainty, and in the analysis of rare
events are beginning to show that we need to develop new ways of thinking about
what we are able to predict. Individual-based models are simulations based on the
global consequences of local interactions of members of a population. These models
typically consist of an environment or framework in which the interactions occur and
some number of individuals defined in terms of their behaviors and attributes. In an
individual-based model, the characteristics of each individual are tracked through
time. This stands in contrast to modeling techniques in which characteristics of the
population are averaged together and the model attempts to simulate changes in these

averaged characteristics for the whole population.
2.5.2 Intelligent Behavioral Modeling

Unlike other individual based modeling objects (particles, cells), agents are not
limitedly located in a set range (like grids), have actions and reactions, and change
behavior according to surrounding environment, so it is an intelligent modeling
method (Table 2.1).

particles Cells agents

no format their spatial behavior is allowing for a much richer range of
constrained by a lattice spatial processes

no information exchange is Agents can "communicate" with other

information mediated through the agents as well as with their environments.

change neighborhood

Table 2.1: Comparison of Different Kinds of Individuals

Source: author.

However, there is an overlap between agent-based models and CA models. Many
pedestrians agents in the multi-agent pedestrian models are situated in cellular
environment, each agent owns one cell at one time. But actually, agent-based
environment are not constrained within cells, they can be any formats. The core in
the agent-based models is the interactions between agents. Perhaps the significant
difference is whether the simulation's inner loop proceeds cell by cell, or individual
by individual, although that distinction is muddied by parallel-processing hardware.

The philosophical issue is whether the simulation is based on a dense and uniform
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dissection of the space (as in a CA), or based on specific individuals distributed

within the space.
2.5.3 A Way of Modeling Social Process

One of the important reasons for agent-based modeling as a powerful alternative to
more aggregate and more geometric approaches to spatial modeling might be that
this is a new way of articulating social systems by using ideas from complexity
theory, which have been developed over the last 15 years and begin to merge with
similar developments in far-from-equilibrium physics Thus it give this field a sharper
edge than anything in the social sciences hitherto. Another reason for MA modeling
as a powerful approach might be that it is at the same time a way of modeling social
process, thereby involving simulation in modeling. In geo-simulation, MA method is
suitable to implement the spatio-temporal processes. Mandl (2000) pointed out that
geo-Simulation is a useful tool to integrate the spatial dimension in models of
interactions of different types. Figure 2.6 sketches the necessity of geo-simulation
methodologically and by content (Mandl, 2000). It can be found that either models of
spaces that are mainly static or models of processes do not implement the space-
specific facts. And most models represent the entire objects or at least groups of
objects, while in a lot of cases it is necessary to take individual properties of the
objects into account as they will not be grasped by using global parameter (Mandl,
2000).

Moadels of Models of
spaces

Computer
Simulation

Figure 2.6: The Field of Geo-Simulation Within an Interdisciplinary Context
Souce: adapted from Mandl (2000).
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Like Mandl’s argumentation, MA based approach is preferred for representing
interactions of different types. While every agent is doing its tasks as an element
within a system, the interactions could generate one or more ‘new’ unpredicted
properties valid for the entire system and not for the elementary agents as individuals
(Castelfranchi, 1998). Sichman et al. (1998) also specified the MAS as a strong
emphasis on the whole agent rather than solely on its actions and careful attention
paid to the process of construction of planning rather than just decision-making and
choice. However, although simulation is employed, MA modeling does not
necessarily aim to provide an accurate representation of a particular empirical
application.  Instead, the goal of agent-based modeling is to enhance the
understanding of processes that may appear in different applications (Axelrods,
1997).

2.5.4 Difficulty in Obtaining Individualized Data

But, one of the disadvantages of MA modeling is that it is difficult to obtain or
synthesize demographic data especially at the level of individual and the number of
hundreds of thousands pedestrians in a large city. Pedestrian movement is a special
complex system. Each pedestrian in this system has his own personality, cognition
and behavioral formats. Age, ability, gender, position in the society, all of thee will
make effect on his behavior. Also, psychological and cognitive attributions also
affect individual pedestrian behavior. For the explicit pedestrian behavior, like, speed,
orientation, traditional ways of getting such data are from observation, photographs
and statistics, while this data is far not enough for the agent-based modeling.
Aerophotography, Remote Sensing (RS), and Global Positioning System (GPS)
technologies are now modern means for measuring behavior attributes. Aero-
photography seems a realistic way through taking a series of photos that record the
pedestrian movement and analyze it, while it cost a lot and will have many social
problems in practical usage. Remote sensing technology has developed into a step of
high-resolution, all-weather and hyper-spectral. However, for a localized zone and
crowded environment, technologies image processing and mode recognition still
need improvement, although some researchers are studying the use of RS images to
extract information on pedestrian movement. GPS is a very good tool for collecting

individual pedestrian behavior through sensing delicate change of location made
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according to pedestrian preferences. Experiments are still going on, since it is not

easy to do it on a large number of people.

Although detailed geo-referenced digital data are now relative easily available, socio-
economic data at the micro-scale of individual households, buildings and tracts are
still very similar to those that have been available for many years. Realizing the
importance of detailed demographic data on the movement of people, there have
been simulation systems that statistically sampled. TRANSIMS is such a system
simulating the daily movement of individuals in a virtual region or city with a
complete representation of the population at the level of households and individual
travelers, daily activities of the individuals, and the transportation infrastructure.
Individual travelers are assigned a list of activities for the day, including home, work,
school, social/recreational, and shop activities, obtained from the household travel
activities survey for the metropolitan area (Chowell, 2003). Data on activities also
include origins, destinations, routes, timing, and forms of transportation used. Travel
Diary is another new survey for collecting individual pedestrian behavior based on
activities. A travel diary is a record of trips made by an individual over a 7-day
period, recording where they went to and from, how they traveled, how far and at
what time they traveled, whom with and the purpose of the trip. CATI (Computer-
Assisted Telephone Interview) household survey is conducted about every five years
over a 5% sample. Typically, it represents about 160,000 people belonging to 65,000
households declaring some 400,000 individual trip records for an average weekday.
Individual trips are geo-referenced for the residence, trip origin and destination,
modal junction points, and are described for their household and personal
characteristics (age, gender, car license, car ownership, income) in addition to the
trip attributes (purpose, mode, departure time, train-subway-bus routes taken if
traveling by transit, bridges and highway taken if traveling by car). The survey
method has been described in several papers (Chapleau 2001, 2003). A lot of cities
and countries are taking this survey to analyze the household or individual behavior,
for example, SHS (Scottish Household Survey), NHTS (National Household Travel
Survey, U.S.), and etc. And the data has been applied to analyze the socio-
psychological factors effects on human movement behavior. With more detailed
individual data being collected, it will be rather improved for individual based

modeling and will better for decision-making and management.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



2.5.5 Care in Addressing Analytical Intractability

One of the main criticism for microscopic techniques is the problem of analytical
intractability which is described by the "little old lady" effect. When in a busy
underground station, the location, speed and direction of slower moving individuals
(the little old lady) can have considerable effect on the following crowd behind them.
So it is very important to consider very carefully when building the model from the
beginning and need to test a much wider range when simulation. Although multi-
agent method permits the setting of different types of agents, each of which will have
its own characteristics, we still need to think of how many “little old ladies” need to
be built in and how many different positions may the “little old lady” occupy
amongst a group of individuals. However, this can be decided by observations of real
events. Different nature of activities will attract different crowds that result in
different behavioral modes. This phenomenon can be avoided as if detail
considerations and observations. Uncertainty is unavoidable given that each
individual in the real life is different in behavior. Simulation is at best representation
and abstraction of a real event that is happening, happened or will happen, but not

real world. Simulation provides a good platform to explore possible.
2.5.6 Validation

Although multi-agent modeling methods and techniques operate with individualized
parameters (eg: aggression, speed of movement, size, affinity, family, social position,
disability etc, etc), they also involve a much higher degree of validation. Agent
models provide an excellent organizational framework for modeling pedestrian
behavior that ignites evolutionary development in the complex pedestrian system.
The results of computational models provide insights into the underlying structure of
systems, and models are often validated by comparing outcomes of simulated
systems to actual outcomes. However, there are no standard parameters for validating
the models, since each run of a simulated result will be different and every result is
reasonable and likely. So the more important thing is how to analyze and utilize each
simulated result only if we can make sure of the validity of individual data and their
behavioral rules (interactions). This should also be traced to the problem of

acquisition of individual data.
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2.6 Summary

In the long modeling history of pedestrian crowds, researchers from a multitude of
disciplines (physics, mathematics, transportation, psychology, computer science,
Geographic Information Science (GISc), etc.) have all contributed in the study on
complex human behavior, through using macro-scale and micro-scale approaches.
These researches have helped a lot in the site analysis, traffic design and public
safety. Compared with different kinds of models and approaches, MA based
behavioral method is selected in this dissertation to model the crowd behavior in an
outdoor event for crowd management. This choice is because MA owns the ability to
model a behavioral process of intelligent pedestrian and their interactions, thereby

offering crowd management a new perspective through the integration of GIS and
MAS.

2.6.1 Using MA Approach to Model Spatially Explicit Crowd Behavior

Pedestrian behavior is spatial-temporal activity. Multi-agent based models are a
consequence of much better micro data, more powerful and user-friendly computer
environments often based on parallel processing, and the generally recognized need
in spatial science for modeling temporal process. Such method is now providing an
alternative approach to model space-time dynamics in a variety of disciplines where
computing is essential to applications and is able to simulate complexity through the
interaction of agents comprising large populations, where each agent would act and
interact locally. These MA simulations are thus quite suggestive for space-time
dynamics in that they allow exploration of relationships between micro-level
individual actions and emergent macro-level phenomena. In outdoor events, crowded
phenomena are the main features, interactions between pedestrian and between
pedestrian and environment are the main factors that will affect the crowd behavior
(See chapter 4 for details). MA based modeling is a useful tool to represent them and
simulate what can hardly react at any time in reality. It will be a good platform for

exploring and preventing crowd disasters that might happen in an event.
2.6.2 Crowd Management Instead of Crowd Control

For a successful outdoor event, the main task of event mangers is to manage crowds

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



rather than control them only when emergencies happen. Crowd management will
include every facet concerning how to design rational pedestrianization area, how to
arrange manpower and facilities, how to make preparations for emergencies, and et
cetera. Each of the details will link to whether the event will progress smoothly and
safely. Applicable tools that can facilitate crowd management for outdoor events are
still absent in the integration of pedestrian’s spatio-temporal behavior and their
interactions with their behavioral environment. It is very necessary for event
managers to have a platform to discuss measures and communicate information.
Because crowd management is a work full with collaboration, this platform should
be developed to not only support management of crowds, crowd behavior and crowd
behavioral environment, but also support the collaborative work during the

management.
2.6.3 Linking GIS and MAS

As a powerful spatial information management system, GIS obviously acts as a
media for event managers to manage data on the crowds and spaces in outdoor
events. This media will transfer information to guide crowds to make. While linking
MA behavioral modeling within GIS brings existing GIS new challenges in capturing
finer and more localized events and in emphasizing on interactions between agents.
The information systems should move from representing maps towards representing
the processes that make the changes (Christman, 1998). In this context, it is very
useful to conceptualize appropriate models that are able to represent interactions.
Therefore linking GIS and MAS can overcome their respective disadvantages which
in GIS involves static considerations of spaces and in MAS concerns the aspatial
representations. Although there have already been a few researches realizing the
importance of the ihtegration of GIS and MAS and experiments on such a linkage, a
lot of issues still need to be explored. MA pedestrian modeling is a good example for
such cross disciplinary research. It has been common sense that the trend of

geographic information science is to link MA method within the GIS.
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CHAPTER 3 BUILDING A CONCEPTUAL FRAMEWORK FOR
GEO-COLLABORATIVE CROWD MANAGEMENT IN LARGE-
SCALE OUTDOOR EVENTS

3.1 Introduction

Most of the science and decision making involved in geo-information is the product
of collaborative teamworks. Current geographic information technologies are
limiting because they do not provide any direct support for group efforts. Geo-
collaboration is demanding when exploring space-time issues (both same/different
time and same/ different places), which have multi-user interactions with dynamic
visualization environments designed to facilitate group understanding of the
information displayed (MacEachren and Brewer, 2004). Figure 3.1 explains the four
types of geo-collaboration in applications. Crowd management for outdoor events is
a collaborative work for event managers to make decisions. So the management
needs a virtual geographic environment that can be manipulated by different groups,
whether they are different levels of event managers or the people who completely
have no professional knowledge. Whether they have expert GIS manipulation skills
or not, they can discuss the same question and participate in decision-making

activities.

Figure 3.1: Sample Geo-collaboration Applications for Each of the Four Space-Time
Situations

Source: adapted from MacEachren and Brewer (2004).

Through discussions on spatio-temporal behavior of crowds in outdoor events, event
managers can know the dynamics underlying this pedestrian behavior, and more

importantly, find out how the results would be if they set up different methods to
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manage them. By simulating variations by adding or removing management facilities,
they can estimate the possible results of such arrangements on the event, which will
be very important and contribute to making preparations for route choices or risk
assessments in emergency situations. Not only the managers, but also the public need
to know the potential environmental changes and can express their opinions on
responses to incidents in events. Interactive simulations can offer powerful tools to
facilitate these discussions. All of them need researchers and scientists to develop a
geo-collaborative framework for crowd management as both a platform and a media
for communications among users. So, it is very necessary to build up the framework
for managing crowds in large-scale outdoor events. In the following sections of this
chapter, after understanding the existing problems on establishing such a platform, a
conceptual framework has been proposed and components in the framework are
elaborated, followed by methodologies and data used in the case study on the event
of “TST Firework Display”.

3.2 Understanding Geo-collaboration for Crowd Management

Currently, the only practical way for teams to collaborate on geospatial applications
is to gather in a single place and interact with analytical tools by having a single
person “driving” the software on behalf of the group, which is deficient for
discussing the same problem when team-workers are distributed in different places or
times. So in a broader context, geo-collaboration is viewed as a committed effort on
the part of two or more people to devise a new understanding or solution for a
geographical decision task. Group participants agree to work on the same task to
reach common goals. Geographers have begun to explore the value of merging
collaborative techniques within geographic information science and technologies.
When exploring discrete themes of research, there must be different issues existing,

especially in crowd management.
3.2.1 Concepts and Characteristics of Geo-collaboration

Geo-collaboration as an activity is defined as a group work on geographic scale
problems with the facilitation of geospatial information and information technologies,
while also as a field of GIScience research, geo-collaboration can be a study on

group activities and the development of methods and tools to facilitate them
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(MacEachren, 2003). Geo-collaborative methods and technologies would bring
improvements in many geospatial contexts. In general, collaborative work can be
characterized by its spatial and temporal components. That is, at the dimension of
space, the location of participating individuals may be the same or different, for
example face-to-face or distributed. And at the dimension of time, the individuals
may interact at the same time or different times, like synchronous or asynchronous.
The term of “teleimmersion” (Armstrong, 2001) has been used to represent such
characteristics of geo-collaboration. Teleimmersion is a unifying grand challenge for
multidisciplinary research at the intersection of geospatial information science and
information technology. It has been considered to use immersive, distributed virtual
environments in which information is processed remotely from the users’ display
environments (Defanti and Stevens, 1999). The goal of teleimmersion is to provide
virtual environments for participants to meet and interact in natural ways. To achieve
the aim, the main challenges of geo-collaboration involve the capabilities of
supporting group decisions by developing technologies and tools such as
collaborative geo-visualization, collaborative human-computer interface, and team-

based decision support systems.
3.2.2 Geo-collaboration in Crowd Management

Crowd management is a cooperative work by groups to explore interactions between
pedestrians and their environment, including geographical and social-economic
environment and make decisions on the same task through real situations and what-if
scenarios. Crowd managers may be distributed in different sites to observe and
control pedestrian movement, act and react according to different situations, and
make decisions and control operations. Crowd managemént can also provide for
commercial companies to find special pedestrian behaviors, for governmental sectors
to make decisions, for publics as one kind of tourist products, or even be used as an
education tool. A geo-collaborative crowd management should fulfill the needs of
different groups, which means that it needs geo-collaborative visualization of crowd
behaviors and their environment, geo-collaborative human-computer interactions and

needs to support geo-collaborative decision making for crowd management.

First, visual representation of crowd behaviors and their behavioral environment is

one of the most important objects in geo-collaborative crowd management, and an
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entity for discussion and manipulation. Users can explore crowd dynamics randomly
through visualization generated from crowd behavioral models. Visualization of
crowd behaviors also should provide support for dialogues of information, plans,
methods, strategies, or decisions on crowd behaviors. Dialogue is the interaction
methods between users and geo-collaborative crowd behavioral visualization. But,
data for visualizing crowd behaviors and their behavioral environment in large-scale
outdoor events are surely complex and of huge volumes. Traditional visualization
methods emphasize spectacular visual renderings by sacrificing interactivity. Geo-
visualization, integrating approaches from scientific visualizatioﬁ, cartography,
information visualization, exploratory data analysis, and image analysis
(MacEachren and Kraak, 2001) makes flexible and highly interactive exploration of

multivariate geospatial data enabled.

Second, the way of interaction is another important characteristic for geo-
collaborative crowd management, as crowd managers need to interact with spatio-
temporal information on pedestrians in order to cooperate. So the interaction in
crowd management should allow every user of the platform to have access to this
information, but the ways users interact with such information can be multiform
because of the different capabilities and authorities of the individuals. New
technologies in crowd management screen—such as large high-resolution displays
that can enable same-place collaborative work and smaller and lighter devices that
generate or use georeferenced information anywhere and that are linked to wireless
communications—should support users of different terminals to take up group work.
Furthermore, new communication ways and tools in crowd management are
necessary to be developed to facilitate natural interface (like eyes-moving, touching,
gestures, etc.) in place of tradition mouse-clicks to suit different abilities of users.
Such interaction problems give rise to two issues for geo-collaborative crowd
management; firstly, how to present information to groups, and secondly, how to

design interfaces to facilitate group work.

Third, since decision making is one of the most important applications of crowd
management, crowd management in large-scale outdoor events should support
collaborative group decision making. Examples of such applications include facilities

management, accurate crowd dispersion routing, environmental management,
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emergency preparedness and responses, and the deployment of personnel. Geospatial
decision making is now usually a same-place activity, but thatv could change
dramatically as technology begins to support geocollaboration. The requirement of
collaborative decision making support comes down to the problems on developing
useful tools to support group work, such as different interfaces and representation,
effective geospatial group work environment, and scenario generation tools to

facilitate discussions and communications.
3.3 A Conceptual Framework of Geo-collaborative Crowd Management

A Conceptual framework for geo-collaborative crowd management is formalized
here to meet the requirements of geo-collaboration in large-scale outdoor events so

as to keep the sustainability of managing an activity involving large crowds.
3.3.1 Conceptual Framework

Figure 3.2 presents the structure of the proposed conceptual framework for crowd

management in large-scale outdoor events.

Geo-collaborative crowd management is composed of five sub-environment: (1) data
environment, which is a data warehouse storing all the data, models, knowledge used
in an event; (2) visualization environment, which visualizes the scenarios of event
processes, mainly the crowd behaviors and the urban morphology; (3) interface
environment, which provides users a platform to communicate and discuss options
and can be used by multiple users and provide tools to coordinate problem finding;
(4) user environment, that means this management can be applicable in different
devices, like mobile devices, PCs, wearable systems and others, and different user
groups; and (5) technology support environment, which comprises mainly of GIS,
telematics and information technologies. Central features of the geo-collaborative
crowd management are its abilities to (1) understand and act on natural multimodal
requests for crowd behavioral information, (2) allow each member to work with
pedestrian’s spatio-temporal information individually or collaboratively, (3) manage
mixed-initiative dialogues for collective decision making, and (4) access existing
data and services from an enterprise spatial (and non-spatial) informational

infrastructure.
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Source: author.
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3.3.2 Data Environment

Data environment is the heart for the whole crowd management, and it is an
environment to store all the information related with the outdoor event. It includes
not only the relational and spatial database, but also the digital urban models,
pedestrian behavioral models and knowledge. Users can get crowd information from
data environment, manipulate and analyze information and feed information back to
the environment. A detailed description of data stored in this environment is covered

in section 3.4.
3.3.3 Visualization Environment

The Visualization environment is a platform for event managers or other users to
gather around and discuss plans or specific development issues on crowds. It served
for group works in the form of maps, images, processes and simulations on the event,

event participants and urban morphology.

The majority of map literate societies in the world (Wood 1992) and academic
research (Van Driel 1989) suggest that understanding 2D abstractions of reality is
less intuitive and demands more cognition than 3D or profile equivalents. 2D Maps
and texts are the traditional visualization formats in GIS which require users to
abstract the real world, while two dimensional maps have been inadequate for
visualizing high-dimensional information and require users to have map reading
skills. 2.5 dimensional or 3D virtual environments have been researched and
incorporated into GIS and are recognized as useful in effective communication and
collaborative decision-making. Complementary research has enabled the creation of
movie-quality time-series map animations. Both research thrusts have exploited
dramatic advances in computer processing power and in parallel algorithms for
dealing with very large data sets. In geo-collaborative crowd management, visual
display will not be constrained within one single format of whether 2D or 3D
representation. Not only maps or text, but also the terrain information, 3D or 4D and
even higher dimensional details, simulation and other display formats have been

combined together. A hybrid visual display is a good solution to such management.
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3.3.4 Interface Environment

Interface environment is a platform to facilitate users to discuss crowd management
issues with characteristics of multi-user-suitable, have-scenario-generation-tools, and

multi-modal.

Collaborative work on crowd management will require viewing and responding to
crowd information in real time, sharing diverse perspectives on the information and
the problem. Because of different authorizations and tasks, users often have access to
different sources of information, each of which may be content sensitive, limited in
scope, incomplete, or of variable quality, for example, individuals in the field and
chief managers in the command center may have different access authorities. Limits
on sharing information may be imposed by technological limitations of broadcasting
or display capabilities, privacy and security concerns, time factors (crisis decisions
often must be made immediately). So the interfaces should be personalized, and each
user’s view can be customized, based on their specific needs. Users can also share

some of their personal information with other users.

Scenarios Generation Tools will be particularly important for decision-making in
crowd management. Scenarios generation tools let users quickly explore the real-
time event and represent group suggestions on such events in real-time. At most time
for crowd management, users need to know the result through what-if scenarios,
compare different schemes and make decisions. This would include:

@ Set roads blocked or unblocked

® Set buildings open or closed

® Crowd’s movement controlled or uncontrolled

® Select alternative road exits

® Emergencies

To realize geo-collaborative crowd management, multi modal interfaces is a target
that needs long-term researches. For centuries, visual displays in the form of maps
and images provided a critical interface to information about the world. Now,
however, emerging technologies create the potential for multimodal interface—
involving not just sight but also other senses, such as hearing, touch, gestures, gaze,

and other body movements—that would allow humans to interact with geospatial
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information in more immediate and “natural” ways. Our voice, hands, and entire
body, once augmented by sensors such as microphones and cameras, are becoming
the ultimate transparent and mobile multimodal input devices. The research on multi-
modal interface has expanded rapidly since Bolt’s (1980) “Put That There” concept
demonstration, which processed speech and manual pointing during object
manipulation (MacEachren 2003a), for example, speech and pen input (Oviatt, in

press), and speech and lip movements (Rubin, 1998).
3.3.5 User Environment

In geo-collaborative crowd management, users might be event managers who try to
keep a safe environment for crowd activities, researchers who want to find pedestrian
dynamics underlying their behaviors, populations who are interested in such events
and may provide their advises on management, or others. They can be equipped with
a large-screen display, wireless or mobile devices (e.g., a Tablet PC) or wearable

systems.
3.3.6 Technology Support Environment

Technologies support is one of the basic conditions for realizing geo-collaborative
crowd management. They are mainly from GIS, telematics and information

technologies.

Data related with large outdoor event is huge. Users need to be able to access such
huge amounts of complex, heterogeneous geospatial data, construct knowledge from
these data, and apply the data’knowledge to problems that matter. As tools and tool-
makings, GIS technologies support the crowd management from the data acquisition,
data storage, data analysis to data modeling and data integration and simulation. In
data acquisition, technology advances in GIS are making it possible to capture
pedestrian positional information with ever improving accuracy and precision.
Commercial remotely sensed images from space offer a resolution of one meter or
better. Satellite telemetry using the GPS can now achieve accuracies well within one
centimeter. GIS technologies help to make collecting individual-level geo-referenced
data easier than before. Geographic data sets show two clear trends: they are

becoming increasingly abundant and they are growing ever more precise, which has
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also challenged GIS Technology to develop new spatial databases to store and
manage them. At the same time, spatial analysis of human behavior at the individual
level has become more possible with the development of GIS technologies. Further,
instead of basing the analysis on certain behavioral assumptions, the researchers can
now use GIS-based deductive methods such as neural networks to deduce or discover
the behavioral rules or principles underlying various spatial behaviors. These
behavioral rules can in turn be built into behavioral models for obtaining more
realistic or accurate results. For data visualization and simulation, MacEachren (1995)
suggests that, “GVIS (geographic visualization) has the potential to help us cope with
the flood of information that technology increasingly provides, and to stimulate

insightful discovery.”

To support a geo-collaborative crowd management, information technologies also
provide great supports for visualization on and interactions with human behavioral
information. First are technologies of the display and interface. Human interaction
with geospatial information has been linked to visual display for centuries. Recent
advances include developments in immersive virtual environments, large and very
high-resolution panel displays, flexible displays, multimodal interfaces, and new
architectures supporting usability. Second are distributed system technologies. -
Technologies that support remote access to information and remote collaboration
also are having a dramatic impact on how people interact with information of all
kinds. Among these are high-bandwidth networking, wireless networks and
communication, digital library technologies, and interactive television. Third are the
mobile, wearable, and embedded technologies. These new technologies include
wireless personal digital assistants (PDAs) that support both data collection and
information dissemination; augmented reality devices that support the matching of
physical objects with virtual data objects; distributed sensor fusion techniques to
support multivariate visualization in the field; and pervasive computing
infrastructures that can interact with mobile humans or computational agents to
inform them about local context. Fourth are agent-based technologies. Software
agents now are being applied in a wide array of contexts. As these technologies
mature, there will be considerable potential to extend them for facilitating human

interaction with geospatial information. Among the agent-based technologies that
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show promise are intelligent assistants for information retrieval, agent support for

cooperative work and virtual organizations, and computational pattern-finding agents.
3.4 Methodologies Used
3.4.1 A Case Study—Firework Display in Tsim Sha Tsui (TST), Hong Kong

It is increasingly the trend of outdoor activities taken place especially in urban cities
to attract a large number of people gathering together. Crowd management for these
outdoor events is in urgent need for a safe crowded environment. A case study is a
good starting point for building an efficient crowd management framework and
exploring human behavioral characteristics in such events. Firework Display at the
Victory Harbor in Hong Kong is a special event planned by the Hong Kong
government to promote urban image. It is held at least five times a year, and often
attracts a large number of people assembling mainly on both sides of the shorelines:
Yau Tsim Mong (YTM) District and Central District. YTM District is located at the
southern tip of the Kowloon Peninsula, starting from the TST Seashore and
northward to Boundary Street. It is one of the busiest and most attractive districts in
Hong Kong. It is also the center of business, culture and tourism which makes it
lively and bustling especially at the TST. In this research, crowd management in TST
area is selected as the case to explain human behavioral dynamics in large outdoor

events (Figure 3.3).

Figure 3.3a: TST in Hong Kong Figure 3.3b: General Location of
Firework Display

Figure 3.3: Background of the Case Event of “Firework Display”

Source: author.
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The event of Firework Display is characterized by a huge number of pedestrians over
a short duration. People gather together with a strong intention to view the display
which is the main cause of the crowd formation. The Hong Kong Police Force Yau
Tsim District (HKPFYT) is the main department to manage the events. Other
governmental departments are also involved in the events including Civil Aid
Services (CAS), Anxiliary Medical Services (AMS), Food and Environmental
Hygiene Department (FEHD), Leisure and Cultural Services Department (LCSD)
and Fire Services Department (FSD). Firework display is an activity that needs order,

safety and cooperations from participants.

Three phases are involved with respect to the prevailing conditions on the ground:
crowd arrival, fireworks display, and crowd dispersal. In the process of watching the
display, most of the crowd will remain stagnant and stay at their respective positions,
and not much crowd interactions will happen. Researches are focused on the
processes of crowd formation and crowd dispersion. Considering preparations for
emergencies, this research also makes studies on crowd evacuation. Overall in this
case, three kinds of crowd behavior in outdoor event have been investigated for

management that are: crowd formation, crowd dispersion and crowd evacuation.
3.4.2 Consultatory Interviews with Event Managers

HKPFYT have rich experiences on arrangement of manpower and facilities, and
have accumulated rich knowledge on operations executed during the event.
Discussions on how to effectively manage the crowd in Firework Display have been
held and different viewpoints have been proposed and communicated. Based on the
existing situation and their requirement for crowd management, the conceptual
framework is built and some of the crowd behavioral dynamics in the events are

concluded. The Issues mainly discussed at interviews are listed in following table 3.1.
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Issue | Content

Il ‘What is the existing situation to manage the crowds for the Firework Display?
12 What is the most important issue for managing the crowds in the event?
I3 What are the criteria for keeping order and avoid possible troubles that crowded

phenomenon will bring?

I4 ‘What is the basic crowd behavior in the event?

I5 Is there any computerized system to support for your management? What are your

expectations for intelligent management tools?

16 Avoiding terrorism has been recognized as an important task for the police department.

Have you ever think about making preparations for evacuation in such emergencies?

17 For large events that crowded phenomenon will appear, which factors will you consider

in preparation of the events?

I8 Do you keep records of the events?

I9 ‘What preparations are in place for events with an extra large number of pedestrians?

‘What plans for controling the number?

I10 Comments and advice on the proposed framework.

Table 3.1: Issues Discussed at Interviews

Souce: author.

The TST area is one of the busiest places in Hong Kong with its museums, hotels,
commercial and private apartment buildings. Public transportation there is very
complex to include subways (MTR), trains (KCR), buses, and ferries. Constructions
and reconstructions are on-going almost every day, which requires much preparation
of the police department for large events. At least 2 months before each event, the
police begin to have meetings on arrangements for the event to discuss detailed
deployment and scheduling. However, they still have no system to manage basic
information about the area and to support their decisions. Paper maps are still the
main way to support their discussions and decisions. Until now, there have not been
serious incidents happening in past events, they but still try to find better ways to
prepare and arrange events more effectively and efficiently, given that event
management is time-consuming in times of resource shortage. They are interested in
using the GIS to manage events and expect that it will be useful for cross-
departmental cooperation. Secondly, they admit that they need more knowledge on
crowd behavior in order for better work in management. They have many years of

experience in keeping order and most decisions were made according to those
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experiences on past events and have not tried to consider the social or psychological
behavior of crowds, while they are not very sure whether it is useful for better

management.

Upon preliminary interviews with event managers at the initial phase of this thesis
work, requirement and expectations of event managers were distilled and some of the
crowd dynamics in such events were explored (see chapter 4 for detail). Throughout
the research undertaking, interviews with event managers were held periodically to

get comments and advices.
3.4.3 Participatory Observations of Event

With approval and assistance of the police department, on-site observations on how
they coordinate work on crowd management were taken and the actual needs of
event managers were further confirmed. Their main command post is set on the 50
floor of the New World Center, from where they can have an overview of an event as
it unfolds. They mainly use paper maps to assist in decision making and to

communicate with field managers by walkie-talkie and mobile phones.

Data needed for crowd management are derived from on-site observations. These
include average speed of pedestrian movement, crowd density along each road,
crowd distribution during an event, some behavioral features of pedestrian movement,
all of which provide the original and real data of an event. Through on-site
observations in the firework display, some dynamics of crowd behavior are

instantaneously analyzed and concluded.

3.4.4 Analytical Models for Urban Morphology: Spatial Configuration and

Attraction

Spatial configuration and attractions are the two factors that will influence
significantly crowd behaviors. GIS provides a comprehensive description of urban
structures in both topology and geometry. Using spatial analysis, GIS also analyzes
the visibility value that pedestrians will have at each geographic location. The
analytical results can be integrated into the mind of an individual simulated

pedestrian in the crowd behavioral modeling, as they provide some global knowledge
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for pedestrian movements. Models to simulate urban morphology are built in this
work, mainly including the digital building model (DBM) and an axial map of the
road networks. Both of these two models serve for the exploration of the effects on

crowd behavior brought by urban built environments.
3.4.4.1 Creating a Digital Building Model (DBM) of TST Area

The TST area is one of the busiest places with its tall and dense buildings.
Pedestrian’s visibility of fireworks is largely blocked by these buildings and
consequently this consideration will affect his movement on his way to the display.
Viewshed is one of the forces that drive crowd behavior. This DBM is developed by
representing the urban environment as 3-dimensional entities, and serves as both
inputs in crowd behavioral modeling and objects for visualization and simulation in

geo-collaborative crowd management. Figure 3.4 draws the procedure for developing
the DBM. ’

Calculate value of each pedestrian’s visibility

3

Viewshed Analysis
A

Developing 3 Dimensional Building
Environment
4

Updating Base Maps

A

Extracting building shapes from aerial photos

A

Extracting building height from aerial photos

Figure 3.4: The Procedure for Digital Building Model

Source: author
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3.4.4.2 Syntax of Street Network

As streets are the main infrastructures for directing crowd movement to or from the
firework display, their network and spatial configuration have great effects on crowd
behavior. Space syntax provides a method for partitioning a spatial system into
relatively independent but connected subspaces so that the importance of these
subspaces can be measured in terms of their relative nearness or accessibility (Hillier
and Hanson, 1984; Batty, 2002). In this research, each road in TST area is analyzed
through the method of drawing an axial map to valuate the effects of the roads on

crowd behavior.
3.4.5 MA Based Crowd Behavioral Modeling

Three pedestrian models which represent three processes in an event will be created:
a model for crowd formation, a model for crowd dispersion and a model for crowd
evacuation. In these models, each pedestrian is viewed as an intelligent agent, and
multiple agents are represented with different roles in such an event according to
their functions like firework-attractor, policemen, geographic objects, peoples who
arrive there just for viewing the display, and et cetera. Interactions between agents

control the agents’ growth which leads to different crowd behavior.

Crowd behavioral models are developed through four stages: model formalization,
model calculation, model simulation and model validation. Figure 3.5 is a
representation of modeling stages. At the first stage of model formalization,
conceptual models based on crowd behavioral rules are developed using multi-agent
based method; secondly, mathematical calculation of the models are carried to make
them adaptable to visualization and simulation; and finally, through simulation and

analysis of model runs, the model is validated and updated.
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Figure 3.5: Four Stages for Crowd Behavioral Modeling

Source: author.

3.4.6 Spatially Explicitly Integration and Simulation

This method tries to integrate crowd behavioral models with urban environmental
models to visualize and simulate crowd behaviors in different scenarios, and make
analyses and decisions (Figure 3.6). This integration and simulation also provide
interface for users to communicate in cooperative works. Effective management can

be compared, prepared and summarized through simulation.

Agent model

Simulation
Tools

Figure 3.6: A Framework for Integration and Simulation

Source: author.

3.5 Data Collected

Data used in this thesis mainly include two parts: physical environmental data and
pedestrian crowd data. These data can be collected from digital maps, aerial photos,

publications, records of event managers, and on-site observations. Analyzed data of
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crowd dynamics will be discussed in detail in chapter 4. Figure 3.7 shows the data

prepared and processed for modeling and management.
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Figure 3.7 Data Collected

Source: author.

3.5.1 Aerial Photos

The Joint Laboratory of Geo-information Science (JLGIS) has a series of aerial
images of the whole of Hong Kong taken on a measurement campaign during March
2001. Two images HK15-207 and HK15-208 cover the area of research interest —
TST (Figure 3.8). Using VirtuoZo — the Digital Photogrammetric Station from
Supresoft Corp, most of height information of buildings in that area can be extracted.
The shape of buildings can also be known and stored, since normally one building
will have multiple height information for each shape. However, the shapes of houses
in TST area are of enormous varieties, manual feature collecting process is time-
consuming, only some of the important landmark buildings (e.g. Cultural Center,
Tower Building, etc.) are worked on in order to get better 3D effect. Shapes of other

buildings are from the base maps (see following section) and have no detailed height
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information for every different shapes. This information will be stored in the DXF

file, as a 2D polygon with height information as an attribute.

e '3

k15207
Sy L
o sT—
HK15-208 {i

Figure 3.8b: the Original Aerial Images Used in Project

Figure 3.8: Aerial Photo of TST Area

Source: author.

3.5.2 Base Maps

The Department of Geography and Resource Management, The Chinese University
of Hong Kong has updated digital base map for the whole of Hong Kong. The TST
area is extracted as in Figure3.9. Base information includes graphics of road central

lines, buildings, boundaries, and their attributes. Base maps are further updated and

enhanced after processing of and extracting with aerial photos.
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' Figure 3.9: An Overview of Base Map Layers

Source: author.

3.5.3 Traffic Arrangement

Data on traffic arrangement for the firework display is provided by the Hong Kong
Police Department, and is an example of the event taken on Oct 1%, 2004.

3.5.3.1 Zone Demarcation

There are 3 zones divided by event managers (Figure 3.10) and each zone is

managed by a separate team. Crowd behaviors will be limited within zones.

Zone Demarcation For the Fireworks Display

Figure 3.10: Zone Demarcation for the Fireworks Display
Souce: HKPFYT.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



Zone 1 covers the western side of TST, from the Star Ferry Concourse northward to
the YMT Division. It is bound by the seafront in the south, Canton Road in the West,
Jordan Road in the North, and Nathan Road in the East.

Zone 2 is bound by Nathan Road to the West, Jordan Road to the North, Chatham
Road South to the East and Salisbury Road to the South.

Zone 3 is bound by Austin Road/ Hong Chong Road to the north and east, the
seafront promenade and AOS to the south, and Chatham Road South to the West. |

3.5.3.2 Transportation Arrangement

There are about five modes of transport for people to arrive at the TST district,
including trains, subways, private vehicles, buses and ferries. The area covers a total
of 11 KCR exits, 13 MTR exits, 60 bus stops, 33 car parks and one ferry pier (Figure
3.11). To effectively manage the crowds, the police department takes different
measures to control various entrances and exits during the arrival and dispersal
phases (Table 3.2).

Transportion in TST Area

Legend
¢ MTR
% KCR
+  ferry
* carpark

¢ bus_stop

Figure 3.11: Transportation in TST Area

Source: author.
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Vehicles Number Controls

KCR 11 (Exits) under control

MTR 13 (Exits) 9 Exits under control
Bus Stop 60 Forbidden

Car Park 33 v Limited entrance
Ferry 1 Under control

Table 3.2: Controls on Different Transportation
Source: HKPFYT & author.

East Tsim Sha Tsui stop of the KCR is a big interchange station between KCR and
MTR and is also the terminal station of KCR. There are 11 exits located within the
three zones. During the pedestrian arrival phase, 7 exits are closed to forbid people
passing by, and the remaining 4 exits only allow people to walk out from the station
(Figure 3.12). During the crowd dispersal phase, 7 exits are closed, 3 exits allow out-
walking, and only 1 exit is used to let people walking into the station (Figure 3.13).
With such a control strategy, large number of people will select exits which are
outside the zones, thereby dispersing the crowd in a more rapid way. Two main MTR
stations are located within the zones, including the Tsim Sha Tsui station and Jordan
station. Jordan station is at the edge of pedestrianization zones and maintains a
normal service to move people. Meanwhile, as the Tsim Sha Tsui station is at the
center of the crowded zones, 9 exits of that station allow either a one-way passing or
are closed. During the arrival phase, 4 of them allow people entering, and 5 of them
only allow out-walking (Figure 3.12). At the dispersal phase, 5 of them allow
entering, only 2 exits let people walking out, and other 2 exits are closed (Figure
3.13).
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Control of MTR and KCR Entrances and Exits
Arrival Phase
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Figure 3.12: Control of MTR and KCR Entrances and Exits- the Arrival Phase
Source: HKPFYT & author.

Controls of KCR and MTR Entrances and Exits
Despersal Phase

Legend:

KCR
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Figure 3.13: Control of MTR and KCR Entrances and Exits- the Dispersal Phase
Source: HKPFYT & author.

As pavements and the seafront area become more congested, pedestrianization will
take place. Buses reversions will be implemented followed by traffic restrictions. No
buses will enter the zones until the finish of crowd dispersal. Private automobiles are

not encouraged for people coming to see the firework display. Only airport shuttle
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buses and vehicles bearing hotel logos will be allowed to enter the pedestrianised
zones under the escort of the police department. They will set down resident guests
up to 30 minutes before the fireworks display at two drop-off points: Kowloon Park
Drive/ Peking Road; and Chatham Road South/ Mody Road. Car parks affected by
road closures will be closed about 75 minutes before the display, and remain closed
for as long as pedestrianisation is in effect. Generally, no cars enter the zones during

the three phases.

Quite a number of people will select the ferry to arrive at and depart from the zones.
The hall for people waiting for the ferry is one of the most crowded places. But the

ferry will be closed during the display. So it is considered to be closed in this work.
3.5.3.3. Roads

Street networks are the main infrastructures that event managers need to take care of,
especially major thoroughfares, major crossroads, and major road junctions. Major
thoroughfares in Zone 1 are Canton Road, Kowloon Park Drive and Salisbury Road,
in Zone 2 are Nathan Road, and Chatham Road South, and in Zone 3 are Chatham
Road South and Austin Road/ Hong Chong Road. Major crossroads in Zone 1 are
Peking Road, Austin Road, and Jordan Road; in Zone 2 are Middle Road, Peking
Road, Mody Road, Carnarvon Road, Haiphong Road, Humphrey’s Avenue,
Cameron Road, Granville Road, Kimberley Road, Austin Road, and Jordan Road;
and in Zone 3 are Salisbury Road, Mody Road, and Granville Road (Figure 3.14).

Major Thoroughfares and Crossroads in TST

Legend

Major crossroads
/\/ Mejor thoroughfares

Figure 3.14: Major Thoroughfares in 3 Event Zones
Source: HKPFYT & author.
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Major road junctions requiring control are listed in table 3.3.

Zone Important Road Junctions

Zone 1 Salisbury Road/ Canton Road
Salisbury Road/ Kowloon Park Drive
Salisbury Road/ Nathan Road
Canton Road/ Peking Road

Canton Road/ Haiphong Road

Canton Road/ Kowloon Park Drive
Canton Road/ Austion Road

Kowloon Park Drive/ Peking Road
Zone 2 Salisbury Road/ Middle Road

Nathan Road/ Middle Road

Nathan Road/ Peking Road

Nathan Road/ Mody Road

Nathan Road/ Carnarvon Road
Nathan Road/ Haiphong Road

Nathan Road/ Humphrey’s Avenue
Nathan Road/ Granville Road

Nathan Road/ Kimberley Road
Nathan Road/ Austin Road

Nathan Road/ Jordan Road

Zone 3 Salisbury Road/ Mody Lane
Salisbury Road/ Chaham Road South
Chatham Road South/ Mody Road
Chatham Road South/ Granville Road
Chatham Road South/ Austin Road
Science Museum Road/ Hong Chong Road (both ends)

Table 3.3: Major Road Junctions
Source: HKPFYT.

3.5.3.4. Emergency Preparations

There are three zones that have been preserved for emergencies by the police
department. They are closed for crowd movement in normal situations. The first is
the “sterile zone along the seafront”, which is a one-meter sterile zone along the

seafront, and will be manned using mills barriers. No public access into the sterile
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zone is permitted, including the placement of bags and camera tripods. The sterile
zone is implemented and must be kept clear to allow police and other emergency
services quick access to any area along the seafront. The other two Emergency

Access Corridors (EACs) are to evacuate the crowd in any emergency situation.
3.5.4 Facilities Arrangement

Facilities used in the event include mills barriers, LED display boards, loudspeaker
systems, and police vehicles. Their locational information is provided by the Police
Department and will be managed using GIS (Table 3.4, 3.5, 3.6).

Zone Position

Zone 1 | Salisbury Road/ Canton Road (outside the HKCC)

Salisbury Road/ Nathan Road (outside the Space Museum)

Zone 3 | Mody Road near Mody Lane (outside the Empire Center)

Salisbury Road/ Mody Lane (near westbound carriageway)

Table 3.4: Location of LED Display Boards
Source: HKPFYT.

Zone Position

Zone 1 the Star Ferry NPO in the Star Ferry Concourse

Outside the Star Ferry NPO near Clock Tower

3/F, Ocean Center (Canton Road/ Peking Road)

Zone 2 1/F of Manson House, No.74-78 Nathan Road (at the junction of Nathan
Road/ Humphrey Road opposite to the entrance/ exits ‘A1’ of TST MTR
station)

Zone 3 Chatham Road South/ Mody Road

On the footbridge near the Hung Hom Bypass on westbound Salisbury

Road by the promenade

Table 3.5: Location of Loudspeaker Systems
Source: HKPFYT.
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Location Quantity

Star Ferry Outside entrance to the Clock Tower 60
Concourse Outside Star Ferry NPO 80
Outside telephone booth 70
TST Promenade Along the sea front from Star Ferry to Inter-Continental Hotel 150
The end of fly-over opposite Shangrila Hotel 30
The end of fly-over opposite South Center 40
To Hung Hom stair case (temporary) 10
Opposite Wing On Plaza 30
Avenue of Stars 180
Along Salisbury Salisbury Road at junction with Chatham Road 60
Road Entrance to Inter-Continental Hotel 20
Salisbury Road at the junction with Nathan Road 50
Salisbury Road at the junction with Hankow Road 30
Salisbury Road at the junction with Canton Road 20
Salisbury Road at the junction with Mody Lane 30
Salisbury Road opposite Shangrila Hotel 30
Salisbury Road at the junction with Kowloon Park Drive 40
Salisbury Road outside Eastrail Station 10
Along Salisbury Road from the Palace Mall to vehicle entrance | 120
of HK Cultural Center
Cultural Center HK Cultural Center (cordon) 150
HK Cultural Center main entrance 30
Special path near restaurant 40
Special path (HK Museum of Art) 50
TST East Cheong Wan Road junction with Hong Tat Avenue 10
Science Museum Road/ Science Museum Avenue 10
Mody Road junction with Science Museum Road 10
Next to New Mandarin Center 30
Along Peking | Peking Road at the junction with Canton Road 40
Road Peking Road at the junction with Kowloon Park Drive 30
Peking Road at the junction with Ashley Road 10
Peking Road at the junction with Hankow Road 10
Ashley Road at the junction with Middle Road 20

Table 3.6: Location and Quantity of Mills Barriers
Source: HKPFYT.
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Zone Position

Zone 1 Salisbury Road/ Hankow Road (outside the Hong Kong Cultural Center)

Zone 2 Salisbury Road/ Middle Road (outside New World Center)

Carnarvon Road/ Nathan Road (outside the MTR TST Station; entrances/exits ‘D”)

Nathan Road/ Kimberley Road (outside Miramar Hotel)

Nathan Road/ Jordan Road (outside Yue Hwa Emporium)

Zone 3 Salisbury Road/ Mody lane (opposite TST Centers)

Designated Viewing Area on the Hung Hom Bypass

Table 3.7: Location of Police Vehicles
Source: HKPFYT.

3.5.5 General External Feature of Pedestrians

Obviously, individuals have different characteristics, like breath, depth, height, and
area, and external behavioral features, like maximum speed, initial walking speed,
and etc. In individual-based modeling, especially a model with hundreds of
thousands of individuals, these individual differences can be negotiated by using the
average data of individuals who have been researched and published, since
interactions among individuals are the most important factors within a model.
However, in conditions of powerful computation capabilities, these external features

of individuals can still be set and work as parameters of crowd behavioral models.

The Still(2000) report on anthropomorphic sizes of the world population, breath,
depth and area indicated that an average Hong Kong male is 47cm, 23.50cm and
0.17m2; and Hong Kong female is 43.50cm, 27cm and 0.18m?. In different activities,
pedestrian normally keep a certain different distance with others, like, their favorite
distance with others are at least 35feet, while this distance will change according to

different situations (Figure 3.15).
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Public Event —1800(6’)—]

Normal Walk | 4500-5400(15"-18)———

Pleasure Walk 10500+(35'+)

Figure 3.15: Forward Spatial Bubbles
Source: Landscape Architect’s Portable Handbook (2001).

3.5.6 General Behavioral Features of Pedestrian Crowd

In multi-agent pedestrian behavioral modeling, interactions between agents and
between agents and environment are the focuses of the whole framework.
Pedestrians behave according to their interactions, and that also means that
pedestrian behavioral rules control the reactions when an agent senses its
environment. In order to model and simulate the interactions between agents,
behavioral rules or dynamics should be concluded. While some of general rules have
already been found and verified, and these existed rules become the theoretical

foundations and are partly combined into crowd behavioral models in this work.
3.5.6.1 Hierarchy of Individual behaviors

Individual behaviors can be better understood by distinguishing several layers:
vegetative, reflex, reactive, motivated, reasoned, and conscious (McFarland, 1981;
Gerhenson, 2001). Figure 3.16 show the type of intellectual behaviors, as higher

levels involve higher and more complex cognition.
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 Vegetative Behavior

Figure 3.16: Hierarchy of Individual Behaviors
Source: based on McFarland (1981) & Gerhenson (2001).

Vegetative behaviors are those in an organism by default, such as breathing, heart
beating, metabolizing, etc. They can be seen as implicit, internal behaviors and are
not noticed. This lowest layer of behaviors does not affect our understanding on how
individuals react to the environment, therefore it will not be considered in modeling.
Reflex behaviors are those response actions. This is probably the most important
layer of behavior since every other higher behavior level needs the reflex behavior to
execute actions, making an individual moves. It is also called this layer of behavior
as "motor" (Blumberg and Galyean, 1995) or "locomotion" (Reynolds, 1999)
behavior. Behavior at this level does not require any external perception and internal
state of motivation. Reactive behaviors shows complete dependence of "external
perception" (McFarland, 1981) such as when we see an obstacle gets in our way, we
pick another way to avoid that obstruction. Reactive behavior is also called steering
behavior (Reynolds, 1980), and it works as path and speed determination, expressing
concepts like: "go left", "go fast", or "stop". Motivated behaviors are more complex
because of involving action selection. This behavior depends on internal state of
motivation and the external stimuli that correspond to the needs inside. More
intelligent behaviors are involved in Reasoned and Conscious behaviors. They
represent more complex thinking process before sending signals down to the less
complex levels to execute actions. Conscious and reasoned behaviors have the ability
to recognize the layout of spaces, like those people who are familiar with the

environment. However, when we focus on local movements, meaning that each
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individual will make a local decision according to their perceptions (not experience)
of space, we will not consider these two levels of behavior in pedestrian behavioral

modeling.

In order to study how an individual interacts with elements in his environments, at
least, a range of reflex, reactive, and motivated behaviors need to be focused on
(Figure 3.17) that each pedestrian will select action, determine path and speed, and
execute action when he moves. For details, please see chapter 5 for the descriptions

of models developed in this thesis work.

Motivated Behavior
acticn selection: set goal and planning

v

Reactive Behavior
path and speed determination

v

Reflex Behavior
action execution: animation

Figure 3.17: A Hierarchy of Motion Behaviors
Source: based on Blumberg (1995), Reynolds (1999) & Gerhenson (2001).

3.5.6.2 Social Behavior

Adaptive behavior is one important character of a complex system because it
requires interaction among the components of a system to provide rich perceptions,
action selections and movements. Social behavior is actually an adaptive behavior, as
a society is a complex system. Social behavior is an interaction of individuals sharing
a moment in the same space. Crowds in outdoor events interact not only with
elements in space but also with other pedestrians as well. Pedestrian social behaviors
can range from perceiving or being aware of each other to having a conversation or
any form of communication. There can be social action among non-cognitive
individuals although most social phenomena involve the interaction of cognitive
individuals. Many works in the field of artificial societies, such Turtles, Termites,
and Traffic Jams by Resnick, Growing Artificial Societies by Epstein and Axtell, and
Zero Intelligence by Gode and Sunder, show clearly how complex social phenomena

are resulted by very simple social rules. When thousands of individuals follow
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simple rules, the behaviors of the whole system turn out to be very complex, with

social properties emerging.

Flocking Behavior is one of the social behaviors that has been found in the motion
of a flock of birds, and has been recognized as a kind of behavior applied on the
crowds. Reynold (1987) built the boid model to describe this flocking behavior
which consists of three simple steering behaviors to describe how an individual boid
maneuvers based on the positions and velocities its nearby flockmates, which are:
separation, steering to avoid crowding local flockmates; alignment, steering
towards the average heading of local flockmates; and cohesion, steering to move

toward the average position of local flockmates (Figure 3.18).

Separation Alignment Cohesion

Figure 3.18: Flocking Behavior
Source: adapted from Reynold (1987).

3.6 Summary

A conceptual framework for geo-collaborative crowd management has been built to
depict a beautiful blueprint for a deep understanding of the group work and
applications of issues on human safety. Rapid advances in both information and
geographic information technologies are creating the potential for dramatic advances
in how people use and communicate with geospatial information. Geo-collaboration
is at the center of that potential. A range of devices from hand-held PDAs to wall-
sized displays are used by different groups of people to make group decisions.
Network technologies are enabling both high-bandwidth connections and ubiquitous,
mobile connectivity accessible by an increasing array of users. We can imagine the
scene: in front of a platform for such a geo-collaborative crowd management, the
process of crowd dispersion in an urban street environment is on simulation.
Different users are using multiple display devices- PDAs or large screen display,

through network. They are making group decisions about how to effectively arrange
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the crowd dispersion and arrange the appropriate personnel or facilities. And they
can use gestures, dialogues or other ways to communicate.The users can be
commanders from the police department, standbys from the fire department, medical
department, or can just be public who want to have real experiences or students who
are being trained in such events. The case of “Firework Display” serves as a good

starting point for research on such a geo-collaborative work.

Lin and Gong (1999, 2002) proposed a concept of virtual geographic environment
(VGE) defined as a human-centered environment that represents and simulates
geographic environments (physical and human environments), allows distributed-
multi-users to implement exploratory geospatial analysis, geo-computation and geo-
visualization, and conducts collaborative work for supporting designs and decisions.
In some senses, geo-collaborative crowd management can be considered as one kind
of applications of VGE. The potentials of geo-collaborative applications are clear.
However, a perfect geo-collaborative crowd management needs to overcome
problems from visualizations, ways of human-computer interactions, and co-
operative group work support. These problems will involve a series of issues on data,
data representation, data modeling, data transfer, interface design and etc. While in
this thesis work, crowd behavioral modeling and simulation are emphasized to
address questions on:
® Crowd behavioral dynamics: what are the crowd behavioral dynamics in
outdoor events, and what are the driving forces that affect crowd behavior in
such events?
® Crowd behavioral modeling: what are the behavioral rules that crowds exhibit in
outdoor events, and models of their behaviors?
® Crowd behavioral simulations: what are the results that crowd behavior yield in

under different scenarios?

These questions are going to be answered in the following three chapters, and these

findings will become the components in geo-collaborative crowd management.
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CHAPTER 4 EXPLORING AND UNDERSTANDING CROWD

DYNAMICS IN THE FIREWORK DISPLAY

4.1 Introduction

Any spatial-temporal models imply interactions that are sustained by movements of
people, goods, or ideas between two or more locations which are usually classified as
origins and destinations, over different time scales and at different speeds (Batty,
2002). Dynamics of interactions are different within each model. At the regional
scale, these interactions are normally characterized by cost or purpose, like shortest
path or traveling salesman problems, while at the local scale, detailed interactions
between individuals become important since density turns into dominant phenomena.
Outdoor events normally have predefined routes, or origins and destinations of
movements are known, or movements taking place in a limited street environment in
which crowding is the main feature. Issues resulting from interactions are keys to

problem solving.

Therefore, before modeling the crowd interactions that will be used to assist
management for these events, it is necessary to examine what and how the
interactions through movement will affect the human system, since different streams
of movements composed of different types of individuals have their own dynamics.
However, there is little descriptive materials on which good models of these
dynamics might be built, and there are few interpretations that do exist within
mainstream geographical, urban or architectural analysis or within summaries on
historical events by event managers. But still, there is a useful classification from
Canetti (1962) who describes crowds as certain kinds of groups. There is also a
persistent line of research in psychology from LeBon (1995) that deal with crowds as
‘madness of crowds’. Actually, as a kind of spatio-temporal behavior, dynamics of

crowd behavior must be affected by the built spatial morphologies. However, the
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detailed relationship still needs exploration. Here it will be illustrated through
analyzing crowd dynamics in the case of Firework Display. This case provides a
research entity through which human-environment relationship at the local scale is
well digged out and become references for analyzing crowd behaviors. Knowing
crowd dynamics and driving forces behind them are also necessary for modeling and
simulating crowd behavior. Acknowledgement of the dynamics of crowds during an
event is furthermore important for cooperative work between teams. Since simulation
and decision support are the main goals for this work, phases are discussed according
to the prevailing conditions on the ground: crowd arrival, crowd dispersal and crowd

evacuation.

In this chapter, followed by an exploration on crowd dynamics exhibited during three
phases in the firework display, the underlying factors that form such dynamics are
analyzed mainly from the view of spatial structures of urban built environment and
morphology, trying to find the relationship between human activities and built
environment in these local outdoor events, and argue that both the nature of the
events and built spatial configurations have great effects on crowd behaviors. At the
end of this chapter, some suggestions on crowd management for these outdoor events

are proposed, and methods for modeling and simulation are generalized.
4.2 Exploring Crowd Behavioral Dynamics in the Firework Display

Crowd dynamics means the study of how and where crowds form and move above
the critical density of more than one person per square meter (Still, 2000). It has
received growing attentions in the context of crowd evacuation management, and
panic situation analysis which are related with human safety issues. Panic situation
analysis is probably the one which has motivated a large majority of research
activities in the field (Helbing, 2000; Helbing, 2002). However, it is a specific
situation, and the behavior of individuals is dictated by the unique objective and may
become irrational (Schultz, 1964; Quarantelli, 2001). In many cases, especially

events taking place in urban cities, formation of crowds and their interactions cause
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high risk safety problems which need taken care of at any situations, like in “normal”
situation instead of only emergent or panic situations. In this case that we research on
the firework display, to know the causes of crowd formation and crowd’s growing or
vanishing process at both normal and emergent phases is the key to analyzing the
crowd behavior and modeling them. For crowd management in this event, it is
necessary to explore crowd dynamics within three phases: crowd formation, crowd
dispersion and crowd evacuation. The first two former phases can be concluded
through observations, while as preparations for management, the dynamics of crowd

evacuation can only be obtained according to existing references.

The area of focus is located in the downtown of Hong Kong, with dense buildings
and complex road networks. Before the start of firework display at the Victoria
Harbor, as pavement and seafront areas become more cohgested, pedestrianization
will be taken measure by event managers. This is followed by special traffic
arrangements in which buses will change their routes and not enter the crowded area,
MTR and KCR (subway systems) entrances are controlled with “only in” or “only
out” or closed access, and the full pedestrianization of road streets are formed
(Figure 4.1a). No vehicles are allowed into this region except the police vehicles
used for emergencies through pre-planned emergency routes. In addition, originally
as a pedestrianization area, the seafront area (Figure 4.1b) will be one of the most
crowded areas in the event due to its advantageous geographic location. These two
pedestrianization areas combine the crowd environment in the event of a firework
display where most crowd behaviors will take place (Figure 4.1c), and will be
removed pedestrianization after crowd dispersion. Examinations of crowd dynamics

in this outdoor event will be carried out mainly in these pedestrianization areas.
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Pedestrianization Street

Figure 4.1a: Pedestrianization of Road Streets in the Event

Pedestrianization Area

Figure 4.1b: Pedestrianization of Seafront Area

Total Pedestrianization Area

R Fedestrianization Area

Figure 4.1c: Total Pedestrianization Area

Figure 4.1: Pedestrianization Area Formed in the Event

Source: author.
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4.2.1 Dynamics of Pedestrian Arrival

In this phase of crowd arrival, general direction for pedestrian movement is from
north to south to get closer to better viewing places along the darker front (Figure

4.2).

Dynamics of Pedestrian Arrival

. Normal
‘ out
KCR

8 closeo
. o«

I Pedestrianization Area

Figure 4.2: Dynamics of Crowd Arrival

Source: author.

Roads with KCR and MTR exits are the main sites where large quantities of
pedestrians appear. In addition, main roads like westbound of Canton Road,
eastbound of Chatham Road South and eastbound of Salisbury Road within the
pedestrianization areas are also the places through which crowds enter this prime
viewing area. There are totally about 13 points that can be viewed as starting sites
where populations start to move during the crowd arrival phase (Figure 4.3). Crowd
movement is constrained within each zone guided by event managers. In zone 1,
crowds are encouraged to move westward to get into the seafront viewing area, and

in zones 2 and 3, they are guided to move eastward to reach better viewing areas. At
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each road intersection, there are event managers to guide and control the movement
of crowds along selected roads. Normally, crowd density is the guideline for event
managers to judge whether one viewing section is approaching full capacity and this
density is about 80%. When density of pedestrians on the roads are found bigger than
this standard, miller barriers or other facilities will be used to temporarily stop crowd
movement until the crowding phenomenon dissipates. And when a viewing section is
full of crowds, event managers will close the section and direct spectators to the next

available viewing area.

Starting Points of Crowds

& Starting Points

Il Pedestrianization Area

Zones

Figure 4.3: Starting Points of Crowd Arrival

Source: author.

For most pedestrians, their behavioral dynamics in this phase are similar and can be
uniformed. First, each pedestrian has his own initial walking speed and heading.
Their walking speed can be expressed by the normal speed that a person feels
comfortable in public event. They will find a suitable route to get closer to a good
viewing spot. Secondly, each pedestrian is heading toward to a section which has the
best viewshed. Having reached this goal, they may wander within that section in

search of a point to stop and wait for the firework display. Otherwise, they will try to
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find the next best viewshed area and so on until they stop. Thirdly, their speed and
heading directions are affected by their surrounding environment including the

physical environment and other pedestrians.
4.2.2 Dynamics of Crowd Dispersal

Prior to the completion of the firework display, event managers have cleared all
facilities on the roads that are used to control pedestrian movement during the
display to keep a smooth pedestrianization area for dispersal. After the firework
display, crowds will disperse generally northwards, in a large, high density mass

(Figure 4.4).

B Pedestrianization Area

Figure 4.4: Dynamics of Crowd Dispersion

Source: author.

As the crowd disperses, running, crushing, or pushing will be stopped immediately.
Entrances to the MTR and KCR stations are the directions to which crowds move. In
addition, some main roads, like westbound of Canton Road, eastbound of Chatham

Road South and eastbound of Salisbury Road, which will lead crowds away from this
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pedestrianization areas are also the main directions that they move to. Bottlenecks
may occur during this phase given the intention of the crowds to leave the
pedestrianization areas. Junctions between roads are the congested areas that need
guidance from event managers. An event manager may also consider using facilities
to stop crowd movement temporarily when the crowd becomes too dense. As the
crowd density reaches 50%, dispersion is considered completed because pedestrians
can now move freely. The interactions between crowds and their behavioral

environment are reduced.

As for the crowds, most of them will select leaving this region as soon as possible,
although a few may wander within this area. Each pedestrian will try to find an exit
within his range of vision, and move towards it having interactions with his

surroundings.
4.2.3 Dynaniics of Crowd Evacuation

Although no calamities or terrorist activities happened during the firework display, it
is still necessary to make preparations for such emergencies in this kind of events.
The emphasis for crowd management is not only to keep order of safety issues, but
also to make preparations for emergent situations. It is the trends for preparing for
human safety issues at any time especially in this kind of high-risk crowded events.
Dynamics of crowd evacuation will be decided by different kinds of emergencies that
may appear and this is also one of the important goals for modeling and simulating
crowd behavior at the evacuation phase, since it is hardly possible to rehearse the

scene with thousands of hundreds of pedestrians in reality.

There is an emergency corridor which is located at the westbound of Hung Hom
Bypass (from Hung Hom Road to Salisbury Road that has been set aside by event
managers in anticipation of sudden emergencies (Figure 4.5). This corridor is divided
into two parallel paths separated by fences and ropes and only one path is allowed for

pedestrians to view the display while the other path is kept open for vehicles of event
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managers to navigate freely within this area to manage crowds, as well as for crowd
evacuation in times of emergencies. There are also two other emergency corridors for
free entries of managers’ vehicles. These are Kowloon Park Drive Southbound and
Chatham Road South southbound (between Granville Road and Salisbury Road),
with the Hung Hom Bypass reserved for crowd evacuation. Functions of emergency

corridors will be evaluated in the simulation part.

Emergency Access Route

MR  Emergency Access Route

aitre. ftEsi

Figure 4.5b: Detailed Displacement of Emergency Route

Figure 4.5: Emergency Route
Source: HKPFYT
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Emergencies in this kind of outdoor events mainly may result from blockages which
appear suddenly, for examples, unexpected fights, road closures, jams or small fires.
Just like in the 1993 Lan Kwai Fong event, except that both geographical facilities
and weather finally induced a tragedy (Bakhary, 1993), the lack of preparations for
evacuating crowds under this situation might also be a factor leading to this
disorderly event. In the TST firework display, northwards is the only way for crowds
to dissipate from this pedestrianization area. Dynamics of crowds at this phase will
be somewhat similar to the dispersion phase, particularly in terms of blockage

specific roads and prohibited entries of subway stations in the event of an emergency.

For pedestrians at this phase, guidance from event managers are most important.
Each pedestrian may first try to leave the emergency area as fast as possible by
looking for the nearest exit to leave this region. And in this phase, interactions among

pedestrians especially stand out to affect their behaviors.
4.3 Understanding Crowd Dynamics in the Firework Display

An exploration of crowd dynamics in the firework display reveals the behavioral
processes of crowd movement in an outdoor event, and provides a basic framework
for modeling and simulation. Better crowd management of large outdoor events
requires a clear comprehension of the underlying driving forces for these behavioral
dynamics and making these dynamics applicable broadly when analyzing different

events.
4.3.1 Motivation of an Event Decides the Crowd Type

The event of firework display has been ongoing in Hong Kong for more than ten
years, and crowd behaviors in this event can be assembled to form references. A
firework display is a kind of activity promoted by the Hong Kong government to
improve the quality of life and for image-building. It has been one of the most
attractive highlights in Hong Kong. People gather around to view the display for

enjoyment and visual entertainment. This recreational nature of the event dictates the
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kinds of pedesfrians or the participants of this event who are mostly polite, orderly
and emotionally mild, although little conflicts occasionally happen. These
populations who assemble at the viewing area at that time have a clear objective of
viewing the display and will leave quickly at the conclusion of the display. These
behavioral features also make the event to comprise a combination of three phases:
crowd arrival, firework display and crowd dispersion, which makes the crowd
management in this event purposive and also makes crowd behavioral features in
these events regular and easy to predict. Hence, before making management
decisions for an event, it is very important to understand the nature of such an event,
which will decide the crowd types. Different types of crowds behave in different
ways. It will be different behavioral rules represented in an outdoor parade in

comparison with the firework display, largely because the crowd type is different.

Crowds have been classified as four types in the literature as follows:

® Heterogeneous/Casual Crowd, in which crowds are composed of different
elements, they have no common bonds except for the event that bring them
together; for examples, shoppers, on-lookers, or watchers who come and go.

® Homogeneous/Cohesive Crowd, composing of individuals more or less akin.
They have a common interest but behave and think as individuals. This type of
crowds usually assembles for a common purpose without leadership; for
example, crowds in this event of firework display, or other activities.

® Expressive Crowds, who come together to deliver messages. They assemble
purposely and have leadership and the intention of expressing an attitude for or
against some person or idea; for example, the crowds in the event of “July 1*
Parade in Hong Kong”.

® Aggressive Crowd, a type of crowd that is likely to erupt in unlawful acts. They .
usually assembled for some purposes, have positive leadership, are determined
to accomplish a specific end, and move actively toward their objectives. Usually
high emotional tension is present; for example, the crowds in a football riot.

Consequently, this type of crowd presents an acute police problem.
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It is important to know, for example, the social mix of visitors to anticipate probable
behaviors and make appropriate arrangements for it (HSE, 2000). It is important for

the police and even for the crowd itself to be familiarized with the nature of a crowd.

However, crowd types are decided and can be anticipated by the nature of an event.
Recreational events often draw polite and disciplined crowds; Celebrating events
normally bring exited crowds; crowds in political parades are often expressive and
radical; sports games, especially football games, will appear as aggressive crowds.
Understanding the nature of an event and making judgments on possible types of
crowds will facilitate the modeling and simulating of crowd behaviors and

accordingly for better crowd management.
4.3.2 Pedestrians Goals and Attractors

Whichever type of crowds, pedestrians always gather together with their individual
goals and behave to reach the goals. In an outdoor event, crowds normally have their
common goals, which make their behavioral dynamics well-regulated. In a certain
sense, they are attracted to behave by their goals. In the event of firework display,
pedestrians come to the activity area for viewing the firework display and they move
forward until the completion of this goal. The firework display becomes the attractor
that pulls them to form the crowds. While in the phase of crowd dispersion, road
exits and subway station exits become the attractors that pull crowds away from the
area. In this phase, the goais of pedestrians are to leave the area, and crowd
interactions appear in search of individual goals (Figure 4.6). Apparently, crowds
will form their goals to evacuate from the area as soon as possible if an emergency
were to happen. Under this circumstance, exits to this area will be the attractors,
while objects of emergencies can also be viewed as a kind of negative “attractor” that

will push pedestrians to evacuate quickly.
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Figure 4.6b: Exits as Attractors in Crowd Dispersion

Figure 4.6: Attractors in the Event

Source: author.

Pedestrian goals become an important factor affecting crowd behaviors in outdoor
events and they need to be considered and analyzed when managing crowds. Goals
may be multiple and hierarchical. For example, in the firework display held on the
New Year’s Eve, pedestrians gather together both for viewing the display and
celebrating the festive occasion, which will result in different behavioral dynamics

between two kinds of firework display events. Besides, crowds may have a main goal
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for viewing the display, and a second goal for eating or shopping somewhere in the

area, which makes the human interactions more complicated.

Likewise, attractors need to be considered carefully in the crowd management.
Attractors may be dynamic. In the evacuation phase, emergencies are considered a
kind of special attractor, and this kind of attractors has its own growing dynamics.
For examples, a fire has its own spreading dynamics which will cause strong
interactions with crowd behaviors. Taken another example of Carnivals, attractors
may be the parades that will attract a large number of populations who will have their

own moving routes.
4.3.3 Pedestrian Visibility and Viewshed

In addition to the effects on crowd behaviors brought by the nature of an event,
behaviors of pedestrians are largely influenced by the spatial environment in which
they are involved. The results of this influence are the different pedestrian visibilities
of their goals with regard to the different locations they stand. The visibility analysis
is a way of modelling what pedestrians can see and where they can go within
buildings and street networks. In this firework display, it represents the extent to
which the crowd can see the display at the arrival phase and how the individﬁals

cognize the road networks at the dispersion and evacuation phases.
4.3.3.1 Viewshed by Buidlings

It is obvious that individuals in a crowd always want to find places which have the
best viewing effects, while this effect is restricted by buildings located in this area.
High buildings will block visibility of the fireworks and cast shadows on the roads.
Analyzing the visibility of pedestrians at selected points is useful for understanding
crowd behaviors in this event. Through the visibility analysis, a list of potential
crowded zones can be found. Therefore, the viewshed value at each grid cell of the
target areas is calculated in this research and will be used as one of the parameters in

crowd behavioral models.
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(1) Definition of the Viewshed Value

We define the Viewshed Value (V) as the relative result that pedestrian can see the
firework display at Point P(j, j). P is the centroid of each cell whose area represents
the area that each pedestrian occupy (Figure 4.7). Vj; is decided mainly by two factors:
visibility which represents the extent to which pedestrians can see the firework at a
certain point, and distance between the point and the firework which is in proportion

to the viewshed value V.

Y
Distance

Figure 4.7: Viewshed Value by Firework

Source: author.
(2) Creating a Digital Building Model (DBM)

Height and shape of buildings are the main two factors that influence the visibility of
the fireworks. Acquiring these data is evitable for analyzing the visibility. It is
necessary to build a DBM which is intended to describe the surface details. First,
buildings height information is extracted by using the digital photogrammetric
station “VirtuoZo”, Version 3.5. With this software, it is possible to extract the third
dimension of objects through the stereo model and aerial triangulation of the original
two aerial images. Secondly, it is also possible with this software to get the shapes of
each building, but unfortunately, the quality of a big part of the data obtained with
VirtuoZo is not satisfactory in several aspects. For example, the polygons of a

rectangular house should enclose four rectangular angles, but none of the angles are
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really rectangular. This is only one reason of the needs to improve the quality of the
VirtuoZo measured shape data with AutoCAD, especially when the shape of a
building becomes more complicate than just a rectangle. Thirdly, some of
representative buildings in this area, like the Hong Kong Cultural Center and the
Hong Kong Space Museum, do have irregular shapes and different height in different
parts, and their 3D models are improved with writing and using Scripts (Figure 4.8).
The final DBM of the TST area is created as in Figure 4.9.

Figure 4.8a: Hong Kong Cultural Center Figure 4.8b: Hong Kong Space Museum

Figure 4.8: Examples of Typical Irregular Building Models

Source: author.

Figure 4.9: A Digital Building Model of the TST

Source: author.

The creation of DBM is a necessary prelude for analyzing visibilities in a fireworks

display. To a certain extent, visibility is one of the driving forces that engages a
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crowd in making different decisions in their movements before and during the event.

As a 3D model, DBM also serves as one of the components of visualization
environment in the geo-collaborative crowd management, although this model can
improve with textures and details added. Visualization has until now been confined
within the displays of maps and texts, but 3D representations of the real-world or
dynamic models have improved the display platform for communicating geographic
information. It can be said that developments in technologies have made
visualization become a media for senders communicating information in various
forms to receivers, and an interface for different users who are distributed at different
places to make co-operative work. Therefore, for the crowd management, the
development of a complex digital building model is essential for the management of

extensive, collaborative and geographically distributed data and processes.

DBM is also a foundation for the crowd behavioral modeling and simulation aé it
provides adequate information on the buildings involved. As a type of objects in the
human movement system, interaction between crowds and buildings form one of the
interactions with crowd behavior affected by the physical confine of building
structures. The representation of the building models will also be embodied in the
simulation of crowd behavior and systems integration. Attributions of buildings will

become controls that will generate different crowd behavioral modes.
(3) Visibility Analysis

In GIS dictionary, viewshed identifies the cells in an input raster that can be seen
from one or more observation points or lines. Each cell in the output raster receives a
value that indicates how many observer points can be seen from each location.
Normally, visibility is decided by observer’s height, observation height, topography,
surface objects, and azimuth. TST area is almost a plane region, and there are no
obvious topographic differences on height. Buildings are the main objects that will

block lights from fireworks. Since this work focuses on the visibility on street
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network, vegetations on this area are not considered within visibility analysis, while
actually they can be viewed as part of objects combined with buildings. In addition,

pedestrian’s azimuth can be random, so the visibility of each cell can be represented

by:
visibility(<crowd s general height>, <heights of sampling firework points>, <DBM>).

In this analysis, the visibility has divided as 10 levels, points where pedestrians can
view the total fireworks are represented by 10, where pedestrians are blocked by
buildings and totally cannot see fireworks are represented by 0. The result is

illustrated as Figure 4.10, which analyzed the visibility value in the whole TST area.

Visibility of TST Area

Legend

GRIDCODE
SN B xhH BAD RS

Figure 4.10: Visibility of TST Area

Source: author.
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Analyzing the visibility in whole region is useful for preparation before the event.
Sections which have high visibility by the firework will surely attract more people
gathering, while they may be constrained with their configuration or geographical
functions. For example (Figure 4.11), through visibility analysis, the purple circled
area has a higher visibility, while it is found as Kowloon Park, which means that
event managers should consider the risk of opening this area for viewing the display.
In fact, in view of the complex configuration and interlaced byways, this area is
controlled not entering, while still managers need to take extraordinarily attentions

on crowd behavior who intent to crash into it.

Figure 4.11: Kowloon Park with Higher Visibility

Source: author.

(4) Distance Analysis

Visibility analysis provides a general frame for analyzing “which area and how much
can firework display will be seen?”. Through this analysis, event managers may

define the region that this event is going to be involved, and suggest the
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corresponding traffic arrangement. However, pedestrians as the participant in this
event, seek to obtain visual effect which is related with the distance from a view of
optical principal of human eyes. From the analysis result (Figure 4.10), it is easy to
find that there are several areas which have same visibility value but different
distances to display site. It is necessary and reasonable to differentiate these areas
with their distances to attractor. Synthesis distance with visibility analysis, five level
of viewshed at each cell with a size of human body is extracted focusing on the
pedestrianziation area (Figure 4.12). This integrated area, depicts the general
partitions of different viewshed areas that attract the pedestrians movement. In other
words, it is the attractiveness analysis that each grid cell pulls on pedestrians. Spatial
effects by buildings on pedestrian movement have been quantified and will be used

in the behavioral modeling and simulation.

Viewshed Level of Pedestrianization Area

i %

R

Legend
Viewshed Level
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-
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Figure 4.12: Viewshed Level of Pedestrianization Area

Source: author.
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(5) Result

Viewshed value is finally stored with the structure of both visibility value and
distance value (Figure 4.13). Each grid represents the standing area of each
pedestrian. Pedestrians will first search for grids with the highest visibility value and
then search for grids with the lowest distance value when they need make decisions

on their headings.

GridiD Visibility Distance Others
s ¥ Value Value

Figure 4.13: Data Structure of Viewshed Value

Source: author.

In certain extent, viewshed value reflects the density of crowds. According to the
partitions by police department, the whole TST area involved in this event is divided
into 3 zones with different crowd density (Figure 4.16, right picture). The darker
color means the denser people in the region, which is consistent with the analyzed
viewshed map (Figure 4.14, left picture). This further verifies the buildings effects on

crowd behavior.

Figure 4.14: Comparation of Visibility With Crowd Density, (the left figure shows the detail
visibility of each position, the right figure shows the approximate density distribution)

Source: author.
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4.3.3.2 Visibility by Road Exits

While in the dispersion phase, when exits that guide crowd leaving the area become
attractors that drive crowd behavior, pedestrians’ visibility is represented through
their cognition of exits. Traditional cognition of geographic space is considered to be
represented by cognitive map formed in human brains and people behave guided by
this map. However, this cognition in large outdoor event is obviously affected by
interactions between crowds. In a crowding environment, behavior of pedestrian is
largely restricted within surrounding circumstances and exhibits a feature of
path-following, especially in this phase of mass dispersion. As static geographic
points, exits may be cognized by pedestrians when they are in the visual field of
humans. If crowds are located within these fields, they will select one of the exits to
disperse, if not, they are likely to follow people surrounded until they get to these
fields. The visual fields can be calculated as isovist fields which are defined as the set
of all points visible from a given vantage point in space (Benedikt, 1970; Turner,
2001) (Figure 4.15). It is originally used in architectural analysis from view of
individual visibility to achieve quantitative description of spatial environment.
Improved as visibility graph, this analysis method was found useful for explaining
the relationship between spatial morphology and human movement especially within

buildings, such as the Tate Gallery (Batty, Conroy et al, 1998; Turner et al, 2001).

Generating
location

™ Radial

Figure 4.15: An Isovist Polygon

Source: adapted from Turner (2001).
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In the firework display, due to the complex transportation settings and road network,
most people coming for the display normally cannot have the cognitive map for the
exits only until they see those exits. Therefore, this visibility graph analysis is
feasible to be used to figure out areas from which pedestrians can cognize the exits
that they can disperse and provide data for model crowd behavior in dispersion and
evacuation phase. Since there are totally 13 exits within this area, constrained by the
edges of buildings and roads, their isovists can be represented as Figure 4.16, which
also means that pedestrians who arrive any of cells located in these isovists polygons
may cognize the exits and make selections under the guidance of cognitive maps

formed then.

Figure 4.16: Visibility by Road Exits

Source: author.

For the focus area in this research is the pedestrianization area, visibility of road exits
is figured out as Figure 4.17. Attractiveness of each exit to pedestrians is same, so the
final result of visibility value on each grid cell is stored as 0 or 1. Cells with value 1
mean from which pedestrians can realize the exits, and cells with value 0 mean from

which pedestrians cannot realize exits and may behave following others or randomly.
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Figure 4.17: Visibility Analysis Within Pedestrianization Area In Dispersion Phase

Source: author.

4.3.4 Urban Morphology: Axial Map of Road Network

Urban built environment, especially buildings, exhibit effects on crowd movement in
this local event, and represent as different visibilities or attractiveness at each ground
cells. As another type of built objects in the environment of human activities, what
and how about the effects on crowd behavior? Solving this problem may understand

another driving force underlying crowd behavioral dynamics.

Crowding is the main feature in this event, and this phenomenon take place more
easily at street junctions. Roads or streets are the activity environment that crowd
movement happen, so investigating whether the morphology itself influence crowd
behavior is helpful for decision making in the management. Hillier suggests a
distinction between research programmes into the effects society has on space and
those that look at the effects that space has back on society (Hillier 1984; Hillier
1998). The first strand of research inquires into the way in which society creates
spatial structures for its own reproduction. Research of this kind seeks to answer
questions about the mechanisms and rules by which buildings and cities are created

for social needs. The second kind of research looks into the often-unintended social
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consequences that these spatial structures then have back on s'ociety. Once a spatial
structure such as an urban area has been created, it seems to offer unexpected social
potentials and problems. The way that people use an area depends not on what
planners or architects might have expected but on these potentials offered by the
spatial structure itself. What are the laws that govern the use of spatial structure that
we find, however it was created and for whatever original purpose? This is the
starting point for a research programme that attempts to isolate the independent role
of spatial structure onto the functioning of society. One important way in which the
environment might be shown to influence social activities is in the determination of
pedestrian movement patterns. This is why it is of theoretical interest as well as

practical use to develop models of this relationship.

Space syntax analysis (which represents and quantifies aspects of spatial pattern) has
found that spatial configuration correlates powerfully with observed movement by
both pedestrians (eg: Hillier et al, 1993, 1987, 1983; Peponis et al, 1989; Read, 1999)
and drivers (Penn et al, 1998a; 1998b). Axial map is one of the approaches used to
analyze the urban morphology’s effect on human movement. The idea of a 'fewest
line' axial maps was presented in the introduction of Hillier and Hanson's 'Social
Logic of Space' as some minimal set of the fewest and longest lines of sight that
cover some set of the "fattest convex spaces” in terms of their area perimeter ratio
(Hillier and Hanson 1984, page 17). It is suggested as a method for reducing the
complex continuous spatial network of cities into a set of component parts that could

be subjected to analysis.

Using Axwoman, the extention of Arcview GIS, the axial map of TST area is drawn
as Figure 4.18. And it is not difficult to find that road with higher connectivity result
in more interactions between crowds (Figure 4.19). For example, Nathan Road is the
road with highest connectivify, which is a main thoroughfare in reality. And
according to the experiences from event manager, crowded phenomenon may be

found more easily on this road.
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Axial Map for TST Road
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Figure 4.18: Axial Map of TST Road

Source: author.
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Figure 4.19: Road Connectivity

Source: author.

This method of representing urban morphology by using axial maps can be a good
analysis tool for event manager to find the possible roads that need special attentions.
It is also good for them to rationally arrange distributions of human resources and

facilities according to the different levels of road features.

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



4.3.5 Spatial Controls

Many of the events that are of interest in this domain cannot be separated from
explicit controls. For example, in the firework display, as crowds get bigger and
denser, pedestrianization area is guaranteed through using mills barriers to block the
roads and close the entrances of buildings to prohibit pedestrian passing. As the
different features of buildings shapes will result in probable safety issues, they are
also controlled by police. Crowd behavior is therefore affected by these controls.
When modeling crowd behavior, these controls are unneglectable. However, these
controls in the event are known or can be assumed, so modeling the actual situation
with these controls in place is applicable. But as the purpose of this crowd behavioral
model is to effectively manage crowds through examine and redesign these controls,
then what we actually do is to begin our simulation with no controls. The situation in
the absence of controls is firstly assessed, and then gradually controls are introduced
to a level which meets the goals of safety. This means that data, calibration,
prediction, and control (prescription) merge into one another; calibration must thus
be structured around the whole cycle. When it comes to testing different controls,
then the entire cycle must be run again for new controls imply different data patterns
which as before are not available and must be generated. In a sense, spatial controls
affect the crowd behavior and are the important components of the event, while they
are designed as dynamic and their attributions can be set through interactive

manipulations by users.
4.3.5.1 Cordon Points

Cordons refer in this event to the barriers erected by event managers for closing
streets and prohibiting entries. As scenes get more crowded, they are used to control
the pedestrian behavior for ease of crowd congestion. Cordons will be set mainly in
the phase of crowd arrival to prevent the large crowd inburst the pedestrianization
area, and will be removed just before the starting of crowd dispersion. Cordons are

also set according to the real crowded situation by managers. The distribution of
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cordon points is predefined by event managers as Figure 4.20.

Figure 4.20: Cordons Set in the Event
Source: HKPFYT.

4.3.5.2 Key Points

Key points mainly refer to controls from buildings due to their differences of
physical infrastructure. They include main buildings, landings, stairs, subway
crossings. Whether they are open or close will impact on crowd behavior and bring
prodigious complicated interactions between crowds, which make the management

work with huge risk of safety.

Except for private buildings in this area, much of the main buildings located in the
event environment are for commercial or entertainment usage. Pedestrians may walk
through these buildings to the viewing section which means widening the
pedestrianization area, while at the same time will increase the interactions at the
entrances. So, the entrances to the buildings can be open, close or only one-way
permission. Although most of them are closed or set by managers before the event, it

is still useful and necessary to inspect their setting.
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Subway is another type of cordon points in this event. Since the use of subways in
heavy crowd conditions is extremely dangerous, they are closed during the phases.
Structure of subways is complex in dimensions normally with slopes or stairs and
interlaced underground passages. The space it constitutes has beyond the scope of
this research in an outdoor street environment, so its controls on crowd behavior will
not be added during modeling and simulations. However, it is of great value for study

human interactions in a subway environment.

There are also landings and stairs in the viewing area. Similar with subway structure,
landings are risky area for viewing the firework, especially when they are located
beside the sea. They are not allowed to get on the stages during the display. While
stairs before buildings become good viewing sections that will attract large
pedestrians, they will be strictly controlled with the density of population within this

area due to the special physical structures.

Figure 4.21a: Landing Figure 4.21b: Stairs
Figure 4.21: Key Points in the Events

Source: author.

4.3.5.3 Guidance from Event Managers

Interventions from event managers comprise another kind of spatial controls that will
affect the crowd behavior. During these three phases, almost at each junction of roads,
there is at least one policeman to control the crowd movement to avoid congestions.

Commanders also will consider directing crowds within their managing Zzones.
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Guidances from event managers will take actions on pedestrian’s route choice or
change their directions. For example, there is a “viewing shadow” formed by the
New World Center, which blocks the fireworks display location. This shadow runs in
a line between the edge of the New World center, and the junction of Salisbury Road,
and Mody Lane. Managers will control this section and guide crowds not entering

this area.
4.4 Summary
4.4.1 Some Suggestions on Preparations for Crowd Management

By far, the image of this outdoor event has been depicted that it is a kind of spatial
events involving large number of participants moving over a short period of time. In
these events, people move rapidly to various attractions where the focus of interest is
mainly on the attraction and not on others attending the event. Interactions between
people, however, do occur through crowding and flocking behavior while the
geometry of the environment has an important constraining effect on how people

move.

Although the event of “firework display” in this research exploration is perhaps a
one-off spatial event, issues of mobility and interactions between participants or
objects in the environment are all same for the crowd management problems.
Although crowds behave individually, still there have common features found
through representation of their behavioral dynamics. The fascination of crowd
psychology lies in the fact that it seeks to account for behavior that shows clear
social coherence — in the sense of a large amount of people acting in the same
manner despite the lack of either preplanning or any structural direction (Reicher,
1984, P.1). These features provide suggestions and foundations for crowd
management and decision making, especially at the period of preparing or planning

such an outdoor event.
First, crowd behavior is driven by event nature. The motivations of events make
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participants behave different types, whether homogeneous or exited, whether ordered
or aggressive. Each type of crowd behavior may result in different possible
consequences. Acknowledgement of such information is very useful for event
managers make preparations before practical management and take notice of them in
the process of the events evolution. Second, these events normally have predefined
objects that become attractions by large number of pedestrians. These attractors turn
into bonds that make crowding a predominant phenomenon connected within this
energized human system composed of pedestrian movement. Attractiveness of these
can be analyzed to know the probable behavior of crowds, like their general
directions, possible crowded sections, and etc. Thirdly, crowd behavior is largely
affected by built urban morphology, which mainly put up visibility differences by
buildings and road networks. This factor directly affects the behavioral modules of
crowds in such events. Spatial analysis on such relationship between crowd behavior
and urban built environment quantifies the relative values of visibility and shows the
details for modeling crowd behavior. And analyzing space syntax of the urban built
environment through axial map reveals the possible roads or road junctions where
crowded phenomenon will be produced more easily and remind event managers take
care of these sites. However, fourthly, this kind of events is subject to considerable
spatial controls mainly from whether buildings are open or closed, whether road is
blocked by mills barriers or not, and interventions from event managers, and all of
these spatial controls will affect the crowd behavior and bring different emergent

situations.
4.4.2 Crowd Dynamics as Knowledge Base for Management

As one of the important components for crowd management, data environment stores
all the information useful for co-operative work between event managers.
Knowledges discovered through exploration on crowd dynamics become valuable
information for the management. Not only the exterior behavioral process can be

stored, more important are the underlying driving forces that produce such procedure
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of crowd behavior. This knowledge offer foundations for management system, and

act as references for different types of outdoor events.
4.4.3 Hints on Crowd Behavioral Modeling and Simulation

Crowd behavior in such events make themselves dynamic system because of the
movement, which also breaks down when the phenomena that we observe cannot be
classified into categories from which general relationships can be inferred or deduced
(Batty, 2002). Dynamics becomes the most important in such disaggregate human
system whether it is an recreational events that involve ordered pedestrian movement
or it is a political rally that involves high risk safety problems on crowding. When
interactions become the connections of the human system, analysis from top-down
simulation which usually depends on articulating relationships between system
aggregates, is unable to capture the richness in structure and dynamics that many
system displays. There is an increasing recognition that systems must be understood
from the bottom-up for many systems function and maintain their structure in this
manner. The way local actions generate emergent structures which have order at
more global levels is particularly important to many functioning spatial systems such
as the way traffic behaves in networks, the way suburbs and edge cities develop, and -
the way highly segregated residential areas coalesce within the urban fabric. This is
part and parcel of complexity theory which espouses the idea of decentralized
functioning and thinking as the basis for new ways of simulation and policy analysis
(Johnson, 2001). Consequently, this type of outdoor spatial events has become an
increasingly feature of urban cities and it is important to solve the safety issues that is

generated by pedestrian movement using ways from bottom-up.

Agent-based modeling has been one of the most popular approaches to analyze
intelligent social society from bottom-up. Explorations on crowd dynamics in the
firework display also show the hint at feasible way of modeling and simulating
crowd behavior through this individual approach. Based on these dynamics explored

in the event, crowd behavioral modeling and simulation will be developed in the
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following two chapters. First, formal models for crowd movement in the event are
developed focusing on the combined effects by urban morphology and
social-psychological factors that crowds themselves possess. Second, through
integration and simulation, spatial controls will be gradually introduced in the
simulation of crowd behavior to find out different results under different scenarios,

which will provide an interactive interface for geo-collaborative crowd management.
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CHAPTER 5 MULTI-AGENT PEDESTRIAN MODELING FOR

OUTDOOR EVENTS (MAPMODE)

5.1 Introduction

Dynamics explored and analyzed in the former chapter revealed the relationships
between crowd behavior and spatial environment, while as a complex system,
interacting crowds may create emergent organizations at a higher level through their
individual interactions, which cannot be found out only by observations on existed
happened events. Modeling gives us a method for looking at both history and future.
There have been a lot of modeling approaches used in pedestrian modeling, showing
the growing interest in pedestrian modeling and simulation in the scientific
community. For example, the first international conference on Pedestrian and
Evacuation Dynamics took place in 2001 in Duisburg, Germany (Schreckenberg and
Sharma, 2002). However, the emergence of higher-level organization from the
interactions of lower-level units is whacking in the case of group behavior because
we are the lower-level units, and the higher-level organizations typically emerge
spontaneously, without our knowledge (Goldstone and Janssen, 2004). It is a
growing realization across the social sciences that one of the best ways to build
useful theories of group phenomena is to create working computational models of
social units and their interactions, and to observe the global structures that these
interactions produce. In the past few years, the use of agent-based models of
pedestrian behavior has grown and shown its abilities to build intelligent social

structure from the “bottom-up”.

“Models do not explain history, but they may tell us where to look (Bowles, 2001)”.
As a feasible approach to model the crowding situations in outdoor events from a
disaggregate view, multi-agent based modeling is adopted as a solution to both

looking into individual pedestrian behavior and collective crowding phenomena
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emerging from individual interactions. In following sections, multi-agent pedestrian
models for outdoor events (MAPMODE) are proposed. Elements in MAPMODE are
defined first following the theories on agent-based modeling, a generic pedestrian
behavioral model is built for crowded outdoor events, and three types of models are
established and explained in detail based on the case of firework display. They are

model for crowd arrival, model for crowd dispersal and model for crowd evacuation.

5.2 Model Definition

Generally speaking, an agent is a computer system that exists in some environment
and capable of sensing and acting in this environment in order to meet its objectives
(Wooldridge, 2002) (Figure 5.1). Agents exist in some space and can be designed to
represent any entity. Agents have sets of attributes that describe their condition and
characteristics that govern their behavior. Agents can, in many instances,
"communicate" with other agents as well as with their environments which is called
interactions. Agent behavior is driven by transition rules. Any number of rules can be
devised to govern the activities of agents: goals that agents seek to satisfy,
"preferences" that agents might be regarded as possessing (e.g., "likes" and "dislikes"

for certain spaces), etc. Time proceeds iteratively through discrete steps.

AGENT

action
output

sensor
input

ENVIRONMENT

Figure 5.1: An Agent in its Environment

Source: adapted from Wooldridge (2002).

5.2.1 Agent

Theoretically, any identity can be viewed as an agent. The event of “Firework

Display” can be represented by a few groups of agents which have individual
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features of behavior and interact with each other. According to the different functions

they take in the event, 7 types of agents have been defined, which are:

@ Pedestrians Agents (P): who are main participants in the outdoor event and the
main research focus of this work. Their interactions are complex and originate
from actions and reactions with themselves and other agents in real time.

® Policemen Agents (L): who are main event managers that interact with other
agents, but have restricted activity region.

® Attractors Agents (4): that are objects attracting pedestrians movement. During
the formation process, attractors are the fireworks which produce different levels
of viewsheds in the area. In the dispersion and evacuation process, exits are the
attractors that lead pedestrians away from the area.

® Roads Agents (R): on which crowd behavior takes places. They can be set open
or close to allow or forbid pedestrian’s movement.

® Buildings Agents (B): although they are fixed objects, but they can be managed
by event managers to permit or forbid pedestrians entry. When they are set
closed, they can be viewed as blocks, and when they are set open, it can be seen A
as an additional behavioral space for pedestrians.

® Facilities Agents (F): Which are objects that event managers use to manage the
crowds and release crowding.

® Emergencies Agents (E): They are agents that created in the evacuation process
if emergencies. They have own growing behavior, and pushes participants away

from them as soon as possible.

Agents have their own attributes and behavioral features generalized from
information we have collected from historical events. Table 5.1 illustrates their
attributes designed within MAPMODE, and characteristics of their behavior. Data
sources of agents’ behavior can be observed from on-site, analyzed through spatial

analysis, or modified by users.
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Agent | Representation Attributes Behavior Data Sources

P Pedestrians Gender; Flexible; Can be observed,
Age; React in real-time; | analyzed or
Starting Speed; modified ;
Maximum Speed;
Goal;
Direction;

L Events Managers | Information sent or | Flexible; Can be observed or
receive; React in real-time; modified;
Restricted random | React according to
walking; information;

A Events or Road Location; Fixed or dynamic; Can be analyzed or

Exits Values; modified;

R Roads Name; Fixed; Can be observed or
Width; modified;
Situation;

B Buildings Name; Fixed; Can be observed or
Situation; modified;

F Facilities Location; Movable Can be observed or
Situation; modified;

E Emergencies Type; Fixed or movable; Can be observed,
Dynamics; React in real-time; analyzed or modified;

Source: author.

Table 5.1: Agent Attributes

As the main research objects in MAPMODE, Agents P have their starting speed and

maximum speed, their goals and accordingly directions to goals. Although it will not

be considered in this thesis work, P have behavioral differences due to their gender

and age. P’s behavior is completely flexible, not because they act and react with

physical environment but also they have flocking behavior because of psychological

affect between crowds and are affected by spatial controls. However, their origins

and destinations can be analyzed.

Agents L have relatively simpler behavior in this event, because their responsibility

is mainly to manage crowds. They only behave in a restricted area for their duties.

They receive or send messages from co-ordinators and transfer these messages to P.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com




L mainly work as guidances or controls to P and interact with other agents in

real-time.

Agents A can be event itself or exits to the area. They have geographical locations
and values that show their attractiveness to P. Their behavior can be fixed or
dynamic. For example, fireworks in this event are fixed, while exits can be controlled
as open or close. Moreover, if attractors in an outdoor event are parades which have
their own walking route or speed, they are viewed as dynamic. Information on 4 can

be analyzed.

Agents R have features of name, width and situation. They can be controlled as open

or close by L and have interactions with P.

Agents B have similar attributes with R, and interact with P. When their situation is
set to be close, they act as obstacles to pedestrians, and when open, they act as

available spaces on which crowd are allowed to behave.

Agents F have pre-defined locations and will change their situations by L.

Furthermore, their situations can also be analyzed or set by users.

Agents E may have different dynamics as their distinct types. They can be a fixed
crowding or a growing fight. In this research, we restrict E as a type of static agents
which will push P away from them as soon as possible. Their information can be set

and analyzed.
5.2.2 Space

Agents are located within spaces. From a human psychological perspective, one very
important factor that influences an indiifidual’s social behaviors and decision making
is the notion of personal space. According to Ashcraft and Scheflen (1976), “Man is
a territorial animal very much like his fellow creatures. He defines a space and marks

it out for his particular use. He draws visible and invisible boundaries which he
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expects others to respect. He will defend a territory against the intrusions of others.”
The respect of personal space functions as a social rule to keep safe distances among
individuals. Since pedestrian agent is the main object that we focus on in the
modeling, each space is represented with an array of cells with area of 50x40cm?,

which is the rough average area of Hong Kong people. So, spaces are:

_ h; nj
S= Ui=1 j=1 Cij
ij —index of cells C

n — the total number of cells, n=n, xn,

Cells have attributes, #ype and value. Type means the agent type that is located within

a cell, thereby
C,(Type) € {P,L,A,R,B,F,E}

Each cell is associated with only one agent type. Since P, L and F' are moving agents

on cells, and may overlap with R, it is considered to replace R if in such conditions.

So, cells with pedestrians are represented as C,(fype) =P , with policemen as
C,(type) = L, with attractors as C;(fype) = 4, with Roads as C;(npe)=R, with
buildings as C,(type) = B, with facilities as C,;(#ype) = F , and with emergencies as
C,(type) = E . Meanwhile, Value means the attractiveness of each cell, which in this

research represents the viewshed value (V;) of each cell. V, is analyzed and

calculated by visibility analysis in Chapter 4. Therefore,

V., if C(Type)#B
C,(Value) = ’ f /(Iype)
—oo, if Cy(Type) =B

5.2.3 Interaction

Interactions between agents decide the growing process of crowd behavior. Potential
interactions in the event are mainly from those between pedestrians and those
between pedestrians and other agents. Figure 5.2 illustrates existing interactions

between agents.
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Figure 5.2: An Illustration of Agent Interactions

Source: author.

Interactions between pedestrian agents are primary flocking behavior or
path-following behavior formed as crowd effects. Interactions between 4 and P are
represented as attraction of 4 to P, and bring values of cells. As fixed physical
environment in this event, R and B may work as attracting or repulsing P. If road is
set as closed, it will forbid pedestrians movement on its surface; and if it is set as
open, it will attract pedestrian according to its attractiveness value produced by
attractors. Similarly, if a building is set as close, it works as blocks to pedestrians,
and if it is set as open, it will allow pedestrian’s entry. Besides the collision
avoidance, interactions between P and L may be guidance which will directly affect
pedestrian’s route choice or movement especially at road intersections. Pedestrians
will adjust their behavior according to messages received from L. F act as repulsion
to P. When F are set, they will block pedestrians movement. Another type of
interactions are represented between E and P. In most cases, E keep P away from
them, while in some special cases, they may attract P as well, for example, a
performance. Above interactions affect crowd behavior and bring part of crowd

behavioral exhibitions.
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Interactions in this event also include interactions between L and R, B, F. As a kind
of special participants in this event, L behave basic reactive behavior as avoidance
with R, B and F. Meanwhile, as event managers in this event, L interact with R, B, F’

through changing their situations as open or close to keep management on P.
5.2.4 Time

Dynamics of crowd behavior are intrinsically temporal. We define r =0, 1, ..., T as
the time that pedestrian takes each step. As three phases are considered in this work,
T is composed of the time needed for the arrival phase (TY), time needed for the
dispersal phase (T?), time needed for the evacuation phase (T, and time for the
display which is a constant (&) (Figure 5.3). And in each time period of T*, t can be

viewed as relative time from 79 to 7% . So the total time period during the event is:

3
T=)T'+e
k=1
Arrival Phase Display { Dispersal Phase Evacuation Phase |

A A
<—‘—_Tl—> ¢ € , <—T2___—> 1
X T3 )

0(to) T T'+€ (to) T'+T*te (to) T
Figure 5.3: Time in the Event

Source: author.

Consequently, spaces can be further represented as:

S()= U:=1 U:;l C"J't

which also means that cells have been expressed with dimensions on both spatial and
temporal. Each cell has attributes of agent type C,(fype)e{P,L,4,R,B,F,E}and

value C.

,«(value) . So, ifC,, (type) = P, then it means a pedestrian is located within a

cell at time ¢, and will interact with other pedestrians; if C,(&ype) =L, then that

means a policeman is located within the cell at time ¢ and pedestrian will receive or
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not receive his messages and interact with him; if C,(type) = 4, then at time ¢, the
cell is occupied with an attractor; if C,,(fype) = R, then it means that the road agent

is signaling that a cell is available for a pedestrian to move to; if C,,(fype) =B, then

it is considered that a building agent as a block is unavailable for walk and will
interact with pedestrian; if C,,(fype) = F ,then there is a facility agent existing in a
cell and a pedestrian or a policemen can not move on it; and if C,(&ype)=FE, then

an emergency agent is located within the cell and pedestrian interacts with it as a

block or an attractor.

5.3 A Generic Pedestrian Behavioral Model in Crowded Event

We adopt Hoogendoorn and Bovy’s (2001) theory on pedestrian behavior that three
mutually dependent levels are implemented when individual pedestrian take actions.

They are:

® Strategic level: in which pedestrian chooses his departure time and activity
set;

® Tactical level: in which pedestrian schedules his activity, chooses his
activity area and make route choices to activity area;

® Operational level, in which pedestrian takes his walking behavior and

interact with his environment.

Based on above theory, for the firework display, a generic pedestrian behavioral
framework is illustrated as Figure 5.4. When individual pedestrian takes first step at
time f#p for his movement to attractions, he needs to justify his surrounding
environment, he chooses an optimal route (#) from route set (U,) which are formed
according to destination set (Uj), and takes his individual walking behavior.

Pedestrian walking behavior results from interactions with crowd environment, and
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at the same time become input/output to the crowd environment which will re-affect
pedestrian’s destination choice and route choice at time #. As components of crowd

environment, pedestrians act and react with this circumstance with advances of time.

‘ } - ' > Crowd

e t Environment
Pedestrian S)

|

Destination Set (U;) |«

Optimal Route Individual Walking
() Behavior

v
Route Set (Uy)

Figure 5.4: A Generic Pedestrian Behavioral Framework

Source: author.

5.3.1 Destination Choice

We assume that the main and the only goal of pedestrians in this event is to
participate in the firework display, although a few of them may come into this area

for shopping, eating or others. Attractors are the general destinations for pedestrian

movement. We define m as the number of attractors in the event, 4,(i=1,2, ..., m)as

objects of attractors, so the set of attractors (I",) can be represented as following:

s

T, =| J{4, ()} ={C,,, where C,,(type) = 4}

-
Il

1

Therefore, the destination set is expressed as:

Ul =T,
5.3.2 Route Choice

Pedestrian behavioral route is based on the road network within this area. It is
assumed that each pedestrian has the historical knowledge of the topology of the

environment, which means that he knows the general location of attractors and has
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formed cognitive maps of a set of routes () from his located point to attractor points

at time ¢ (Figure 5.5). For each individual pedestrian P, it is defined that the route

from P tod, is expressed as P4,, which is a set of routes from point where P is

located to point where 4, is occupied. For the total routes (U,) from which

individual pedestrian can select, it can be expressed as following:

U2=Orj=0P——Ai

z —total number of routes from Pto A,z>m

PPN

/ \

Figure 5.5: Network-Based Route Set

Source: author.

For each set of P4,, there might be more than one route that is accessible for

pedestrian to pass through. Routes can be calculated by professional GIS software
based on the road network with the event sites. While at the tactical level, an optimal
route should be selected by pedestrian before he operates his behavior. If there is no
additional information received from policemen (L), this selection is stochastic from

the route set. So,

r" = Random(U,)

But if there are guides from L, pedestrian will walk along the route (direction) that

policeman sends.
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5.3.3 Random Walking Behavior

Pedestrian agent adopts random walking in his environment when destination is
defined and a route is selected. This random walk means that pedestrian always tries
to choose randomly for his next step. In this model, there are 8 directions that each
pedestrian can select for his next step. That means: for each individual pedestrian P
at time t,

P.Location(t)=C, ;
the next position of P will be:

P.Location(t +1) = Random {Ci-l,j-laCi,j—vCi+1,j—1’Ci-1,j=Ci+1,j’ci—1,j+1aCi,j+19ct+1,j+1}

Actually, when route is selected before pedestrian takes his step, this random walk is

constrained within the direction range of his selected route. That means the

C

i+1,j+1,

probability of pedestrian selecting directions of {C_, ;,C,; ;,,C; ;nC;

i, j+1, 0, 41, }is
higher than that of {C,_, , ,,C, ;-1;Ci+1, 1} - Figure 5.6 shows the basic concept of this

random walking. So, we use function of RandomWalking() to represent the

pedestrian’s random walking behavior, that is:

P.Location = P.RandomWalking()

Route
Direction

Figure 5.6: Pedestrian’s Random Walk

Source: author.
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While in a crowded environment, this random walk is very limited, due to the limited
walkable spaces. Pedestrian behaves naturally to avoid collision with obstacles or

surrounding people, or form certain behavioral modes with other pedestrians.
5.3.4 Collision Avoidance

This behavior gives a pedestrian agent the ability to maneuver without running into
an obstacle or other agents. Its implementation is achieved by monitoring
pedestrian’s sensory input and reacting to possible collisions. For example, if a
pedestrian agent detects obstacles both in front and on the right but not on the left,

then it steers toward the left. So,

If P.Location =C, ;andC,., ;.. ,(type) # R , then

P, .Location = Random(U{(Cy, ;+,), where Cy, ;1 ,..(type) = R})

5.3.5 Flocking Behavior

Except for the individual behavior that pedestrian may present, one of the collective
behavior that crowd will follow is the flocking behavior. This flocking behavior
further limits the pedestrian selecting his direction for his next step. Reynolds (1987)
is the first to apply the flocking to describe the crowd effect. The basic idea of
flocking is: one or more individuals follow another moving individual designated as
the leader; generally the followers want to stay near the leader, without crowding the
leader, and taking care to stay out of the leader’s way (in case they happen to find
themselves in front of the leader); in addition, if there is more than one follower, they
want to avoid bumping into each other. The function of this flocking behavior has

been concluded using agent-based approach based on that idea. Here, it is

represented as: P,.Location = P.Flocking()

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



5.3.6 Pedestrian Behavioral Framework

Spatial-temporal behavior of pedestrians in the event is the combination of
pedestrian’s destination choice, route choice, random walking, collision avoidance,
and flocking. Figure 5.7 outlines the general pedestrian behavioral model in outdoor
event. For each individual pedestrian taking his every step forward to his goal, he
first senses the orientation of attractors, and compute multiple routes to attractors.
Then, he makes decisions and judgments, selects randomly or compulsorily one
available route, and adjusts his walking speed and heading. Third, he takes steps
according to certain rules. During this operational level, he checks whether he is

located in his destination until he achieves his behavioral goals.

(Re)Start
t+1
) |
Take Step
Sense Attractors
A
t
t Collision
Compute Routes to Avoidance
Attractors t ?
lt Flocking
Select One Route to
Attractors

t

Located In
Destination?

Complete
Behavior

Define Initial Speed

t

Define Initial t Absorbing
Heading "] Random Walk

Figure 5.7: An Outline of Pedestrian Behavioral Model

Source: author.

The general pedestrian behavioral framework in outdoor event provides a generic
process for crowd’s interactions with their environment. However, pedestrians will

exhibit different behavioral modes in three event phases.
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5.3.7 Data Structure

Data model formed in MAPMODE depicts the attributes of agents and their
spatio-temporal relationship. Following Figure 5.8 illustrates the objects and
relationships in data model. There are mainly 7 types of objects in data model which
represent 7 types of agents in MAPMODE. Their locations are directly relational
with Cells which represent agent’s activity spaces. One of the attribute “value” of
Cells is relational with “Viewshed”, and this “Viewshed” will affect P’s destination
choice. Another attribute “Influence” of Cells only makes senses when emergencies
appear. For agent P, there are main 5 functions set for control P’s behavior. They are
functions of Direction() which define and adjust pedestrian’s directions, Location()
which calculates pedestrian’s locations, RandomWalking() which controls
pedestrian’s random walking behavior, Flocking() that controls pedestrians social

behavior, and Disappear() that means pedestrian leaves the area.

L
-Location
-Scope P
-M
essages % Cells q——-Location
X LM— -Goal
-y ] -Destination
R M -Speed
-Location -Type
-Situation —]--Value -Direction();
-Influence* -Location();
-RandomWalking()
F 4 - -Flocking();
-Location : -Disappear();
-Situation | -Liocation
-Situation
B ™ Viewshed
-Location -Visibility
-Situation -Distance
E
-Location
-Type

Figure 5.8: Data Structure in MAPMODE

Source: author.
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5.4 Model for Crowd Arrival
5.4.1 Completion of Pedestrian Behavior

In the phase of crowd arrival, pedestrian will finally select one position to stop to
view the firework display. His behavior will be considered completed until he finds a
satisfying viewpoint which is decided by the viewshed value that cells have at that
time. Viewshed value produced at each cell by the fireworks makes pivotal functions
on pedestrian decisions. As depicted in chapter 4, fireworks produce different levels

of values for each cell, and it is assumed that pedestrian always wants to find a cell

which has the highest visibility value at time . So, final destination set (U,)of

pedestrians will be represented as:

U, ={C, ,,where C,_ , (value) = Max(C;(Value)),

ij ’

with 1<i,i<n, and 1< j,j<n;}

If a pedestrian finds a satisfying destination and completes his behavior, it is
considered that the cell where the pedestrian is located is not available any more and
its value will be changed as -oo. This process of destination choice can be explained
by using a sketch map as Figure 5.9:

Pedestrian chooses cells with highest value at time #;

If he arrives his destination set, he will randomly select one and stand on the

cell;

The cell with attribute P will change its value as -o0;

And this process can be explained as following:

if C,(type)=Pand C; €Uy,

then C;(value) = —o; U, =U,; —{C}
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Figure 5.9: Sketch Map for Destination Choice

Source: author.

5.4.2 Behavioral Model for Crowd Arrival

In this phase, pedestrian spatio-temporal behavior can be characterized as Figure
5.10. First, at the strategic level, each pedestrian is generated at his starting point, and
senses locations of himself and fireworks. During this period, pedestrian sets his goal
as moving to view the fireworks and tries to arrive a satisfying viewpoint. Second at
the tactical level, after sensing the locations, a series of routes to fireworks are
computed and one of those is selected for taking walking behavior. At the same time,
in case P selects a route, he has decided his direction of movement and prepares for
movement by absorbing a random walking plan. Third, while at the operational level,
P will step forward after interacting with his surroundings and following certain
behavioral rules as collision avoidance and flocking. P will complete his behavior if

he finds a best viewpoint.
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Figure 5.10: The Pedestrian Behavioral Model for Crowd Arrival

Source: author.

5.4.3 Pedestrian Interactions in Arrival Phase

Interactions between agents in this crowd arrival phase can be illustrated by Figure
5.11. At the beginning of this phase (#), pedestrians appear at their starting points as
certain speed, Roads and Buildings are located as the physical environment in the
event, but with their situations of open or close. Attractors-fireworks in this phase are
located within spaces as their known positions. Policemen begin their duties at their
respective presidial zones. And facilities-mainly the miller barriers-are prepared with
pre-deﬁhed locations. Policeman wander within his duty area, estimate the
population density and send guiding information to crowds. If policeman thinks the
density is over the threshold and may result in safety problems, he sets up blocks
which will temporary release crowded situations through affecting pedestrian’s
movement. Each pedestrian senses the locations of fireworks, make choice on a route

to attractors and move to a best viewpoint that he can arrive. During his process of
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movement, pedestrian change his behavior real-time through interactions with roads
situations, buildings situations, facilities that event managers set, policemen who
manage crowds, and his partners. These interactions will be completed until

pedestrian finds a satisfying viewpoint to the fireworks.

(Re-)Start
At Starting Pomtﬂ lLocated | l Begin Duties | Prepared | | Locatecﬂ ’%
A
Sense
es
—
Close?
Yes L Send >
Y Send? > Message Set? < Y
5
‘ Route Choice J No @se.
Yes
No| - Yes
Yes
i Walking Behavi(nj

Completed?

Yes

Finish

Figure 5.11: Interactions in Crowd Arrival Phase
Source: author.

5.4.4 Pedestrian Behavioral Rules in Arrival Phase

Combined with the framework of pedestrian behavior and interactions between
agents, Figure 5.12 represents the pedestrian behavioral rules that have formed.
These rules can be depicted as following. It should be noticed that these codes are
not exactly the programming languages, but they describes the general process that is

followed when implementing them.
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Cy

= P.Location ,
if Cy(value) e U, ;

P_..Location = Random(C, ., P,,,.Location) ;

11 52 Bt
if P,.Location=C, ,, thenC,,,,(Value)=-w; U; ={U;-C,};
if any Cyy ;s (type) # F;
if any Cyyy ju(type) # B
if any Cyy yi(ype) # L ;

P,

t+1

.Location = P,,.Flocking() ;

P

t+1

.Location = P, ,.RandomWalking() ;

Table 5.2: Behavioral Rules for Pedestrian Arrival
Source: author.

Located in Best
Viewpoints?

Located in the
Selected Viewpoint?

Take a Random
Step

Available
Cells Surrounding?
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| No S
J »| Flocking ‘

Figure 5.12: Behavioral Rules for Crowd Arrival Phase

Source: author.
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5.5 Model for Crowd Dispersal
5.5.1 Completion of Pedestrian Behavior

In this dispersal phase, exits to this area become the attractors that lead crowd

behavior. If pedestrian arrives each of the exits, it is viewed as he completes his

behavior and disappear. So the final destination set (U,) is:

U, = LnJ {C;, whereC;(type) = 4}

i,j=1

5.5.2 Behavioral Model for Crowd Dispersal

Spatio-temporal pedestrian behavior in the phase of crowd dispersal can be
characterized as Figure 5.13. First, at the strategic level, pedestrian detects locations
of himself and exits, and makes his behavioral goal as leaving this area as soon as
possible and moving to exits. Second, at the tactical level, pedestrian senses whether
he is now in the visual field of exits, which also means that whether a pedestrian can
view the locations of exits. If yes, P computes routes to exits and randomly selects
one of those routes for starting his movement. While if no, P prepares to start his
movement by following other participants. Third, at the operational level, P takes
each step after considerations with collision avoidance and crowd effects. It is
considered that P completes his behavior if he arrives on exits and disappears from

this area.
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Figure 5.13: The Pedestrian Behavioral Model for Crowd Dispersion

Source: author.

5.5.3 Pedestrian Interactions in Dispersal Phase

Interactions between agents in this dispersal phase can be represented by using
Figure 5. 14. With start of this phase at time #y, pedestrians are located within spaces
with their initial speed 0 at 7). Attractors-exits in this phase-are pre-defined and
located at geographic positions. Roads and buildings are both located with their
initial situations. Policemen are on their duties and prepare for managing crowds in
this phase. Facilities are prepared as well since they will be removed just before the
starting of crowd dispersal. If it is considered so crowded to endanger safety, L set F
to temporarily stop P’s movement and release crowding. At the same time, L may
send messages to P, and try to guide their directions and route choice. P sense the
existences of 4, make judegement on whether he can view the exact positions of 4,
make route choices under interactions with both 4 and L, and take his movement

behavior by synchronously interacting with P, R, B and F.
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Figure 5.14: Pedestrian Interactions in Dispersal Phase

Source: author.

5.5.4 Pedestrian Behavioral Rules in Dispersal Phase

Rules that pedestrian follows in this dispersal phase are as Figure 5.15. As in this
phase, cells value is divided into two levels, 1 which can be viewed or sensed by
pedestrian and 0 which is not in vision of pedestrians, rules can be expressed as

Table 5.3.

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



C,. = F,.Location ;
if C,,(value)=1;
P,..Direction() e U,
if C,,(type) = 4,
P.,.Location = P.Disappear();;
if any Cyy, 41, (BPE) # R ; P, .Location=C;
else if any C,,, ;.\ (type) # F
if any C, ;. (type) # B
if any Cyy ;u(type) # L
P,,.Location = P.Flocking() ;
P.,.Location = P .RandomWalking()
if C, ; (value) =0,
if any Cyy jﬂﬁl(zype) #R; P, .Location=C;
if any Cpy ju(type) # F
if any Cy ;1\ (type) # B
if any Ciuy ju(type) # L

P

t+1

.Location = P.Flocking()

P.,.Location = P.RandomWalking() ;

Table 5.3: Pedestrian Behavioral Rules in Dispersal Phase

Source: author.
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Figure 5.15: Pedestrian Behavioral Rules in Dispersal Phase

Source: author.
5.6 Model for Crowd Evacuation
5.6.1 Effectiveness of Emergencies

This evacuation phase is for preparations if there are any emergencies happened. In
this research, we limit the emergencies within a type of small events that will push
pedestrians away from them, for example, the small fights, road interruption, or
others that may have negative effects on crowds. However, emergencies can be any

identities in different cases. E is a type of new agents in this phase, has its own
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growing behavior and will influence all kinds of other agents. And the effectiveness
of E (expressed with I), that is the visibility of pedestrian to E, is also calculated

using visibility analysis. The value of I is added as an attribute in C using Influence.

That is to say, in this phase, C is represented as C, ,(Type,Value, Influence) . If at time

t, a pedestrian is located within the influence region of emergencies, it is said that

C, (Influence) =1; if not, that means C,].,(Inﬂuence) =0.

5.6.2 Destination of Pedestrian Behavior

When emergencies appear, pedestrian tries not to walk into the influence area that
emergencies produce. Therefore, pedestrian needs select one route or direction to

leave the area, with avoidance to select a direction to the emergencies. Here, set of E

k
can be described as UE > with k as the total number of emergencies. And we
J=1

define PE as directions from P to E. So, the routes set (U, ) can be represented as:

i=1

kS m . 2N
Us=U,-JPE, =IlP4 I UPE,]
J=1 Jj=1

5.6.3 Pedestrian Behavioral Model for Evacuation Phase

Spatio-temporal pedestrian behavior in this evacuation phase is characterized as
Figure 5.16. Pedestrian makes his movement following three different levels. At the
strategic level, P detects locations of himself, attractors and emergencies. And P
makes his goal in this phase as leaving this area as soon as possible through trying
his best for away from emergencies. At the tactical level, pedestrian needs make
judgments on four conditions. Firstly, if pedestrian is located within both visions of
exits and emergencies. Pedestrian tries to find routes that lead to exits but away from
emergencies as well, and then randomly select one. If there is a route selected, P
prepares for walking. If there is no available route, P absorbs to wait at his location

until he finds one. Secondly, P is located in vision of exits but not in influence of
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emergencies. In this situation, P computes routes to exits, tries to select one route
that can avoid moving near emergencies, and prepare walking. Thirdly, P is located
in influence of emergencies but not in vision of exits. In this case, P prepares
walking by selecting a direction that can be away from emergencies and follow other
pedestrians. Fourthly, if P is location neither in vision of exits nor in the influence of
emergencies, P prepares his walking following other pedestrians. At the operational
level, P takes his walking behavior according to his route choice and direction choice
in the tactical level, and interacts with other agents to take each step. P is considered

to complete his behavior and disappear from this area in case he finally gets to exits.

t+1
‘y
’ Detect Loctaion Take Step
t tA
Sense Locfaﬁons ’ Collision
‘ of Exits ‘ Avoidance |~ -

t

Sense Locations
of Emergencies
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Directions away
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Select a Direction l

away from Flocking
Emergencies
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of Emergencies?
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Compute Routes to Exits A
Destinations?

but not in Direction to
Emergencies
y

Select a Route to Exit and
not in Direction to
Emergencies

Absorb Flocking

Figure 5.16: Pedestrian Behavioral Model for Evacuation

Source: author.
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5.6.4 Behavioral Interactions

Interactions in this phase are still complex and exist between agents (Figure 5.17). At
the beginning time (#p) of this phase, pedestrians are distributed in spaces. Attractors
and emergencies are located with their known positions. Roads and buildings are the
physical environment with their situations at that time. As event managers,
policemen are located within their duty region. And facilities are prepared with their
locations predefined. Similarly with other two phases, policemen observe the crowd
density and set up facilities to control pedestrian movement if when necessary. At the
same time, policemen send information to pedestrians and affect and guide
pedestrian route choice or direction choice. After sensing the locations of exits and
realization of emergencies, P make decisions on the combined effects of 4, £ and L,

and behave under the interactions with E, L, F, R and B.

(Re-)Start
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-
Route Choice
Yy

Walking Behavior |

Finish
Figure 5.17: Interactions in Evacuation Phase

Source: author.
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5.6.5 Pedestrian Behavioral Rules

Pedestrians may follow certain rules for making their movement behavior as Figure

5.18. And these rules can be represented by using sentences as Table 5.4,

C;. = F,.Location ;

if C,,(type)=4;
P.,.Location = P.Disappear() ;
if C, ,(value)=0&C, ,(Influence) =0,
if any C,,, am@pe)#R; F, .Location=C,
if any Cy, ,.,(type) # F
i any C i (0p€) % B
if any Cyy, ;i (type) # L
P.,,.Location = P.Flocking()
P_,.Location = P.RandomWalking() ;

if C, ,(value) =0&C, ,(Influence) =1,

k —_—
P..Direction() = UPE y

=t
if any Cyyy jﬂ,m(lype) #R; P, .Location= of
if any Cyy ;i (type) # F
if any Cy., ;. (type) # B
if any Cpy i (type) # L
P.,.Location = P.Flocking()

P.,.Location = P.RandomWalking() ;
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if C, ;(value)=1&C, ;(Influence) =0
P.Direction() =U,;

if any Cyy jsa(type) # R ; B, .Location=C,

i
if any Ciil,ji-l (type) # F
if any Ci:!:l,jil(type) # B
if any Cz‘il,j:u(lype) #L

P

t+1

.Location = P.Flocking()
P, ,.Location = P.RandomWalking() ;
if C, ;(value)=1&C, ,(Influence) =1

P,.Direction() = U

if any Cyyy jura(PE) =R B, .Location=C;

if any Cy, ;. (type) # F

if any C,,, ;. (type) # B
if any Cyyy ja(type) # L

P

t+1

.Location = P.Flocking()

P, .Location = P.RandomWalking() ;

Table 5.4: Behavioral Rules in Evacuation Phase

Source: author.
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5.7 Summary

In this chapter, we have put forward MAPMODE based on three levels of pedestrian
behavior. As basic elements in agent-based models, agents, interactions, temporal
variances, and transition rules are discussed and synthesized in detail. Three specific
models have been built to represent three phases formed in outdoor events, crowd
arrival, crowd dispersal and crowd evacuation. It is necessary to point out that crowd
behavior in evacuation phase may have much difference with cases. Because the
psychological factors arise in crowds, different schemes may produce different
results for evacuating crowds from fires, tbxic gases or other terrorist events.
However, we are not focusing on such emergencies since more detailed and
complicated considerations need discussed, and psychological or behavioral theories

take main effects rather than spatial-temporal on crowd behavior.

Models proposed here make a set of clearly simplifications to get them down to what
we can handle. But those simplifications are dictated under assumptions on behaviors
of most pedestrians in the event. Any type of modeling has difference between “real
life” and our attempt to model it (Low, 2000). Perfect safety is Perhaps unattainable,
but improved models of crowd dynamics can help to increase our safety in crowded
situations (Low, 2000). Models are necessary to be evaluated. If models are
evaluated as good, they are improved insights into why the vastly more complex real
system behaves the way it does (Krugman, 1995). Therefore, the next chapter will
integrate MAPMODE with GIS environment, and simulate crowd behavior with
different scenarios. This integration will not only provide a platform for users to

manipulate collaboratively but also provide visualizations for MAPMODE.
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CHAPTER 6 INTEGRATION AND SIMULATION OF CROWD
BEHAVIOR (ISCB)

6.1 Introduction

As an alternative of modeling processes, agent-based modeling involves simulation,
which is also a process of visualization. After exploration on and understanding of
crowd behavior in the firework display in Chapter 4, we have already got knowledge
of relationship of crowd behavior with their behavioral environment. They are
mainly represented as data models which express theories predicting the structure of
the real-world domains with entities and their attributes organized in interrelated sets
(Raper and LivingStone, 1995). And MAPMODE we have developed in the former
chapter abstracts the behavioral mode and process of pedestrians mainly from a
perspective of individuals. They are process models that generally implicate theories
predicting the exchange of the energy and mass over time within systems (Raper and
LivingStone, 1995). Coupling spatial data models and agent based process models
would be a great task for simulating crowd behavior in this case work. Simulation is
defined as driving models of a system with suitable inputs and observing the
corresponding outputs (Bratley, 1987). Information we have acknowledged, spatial
environmental models and spatial-temporal crowd behavior models are the input
within ISCB, and simulation results are carried out to generate different scenarios for
examinations on crowd interactions. Evaluations and analysis of MAPMODE are
accordingly acquired by explaining the outputs and comparing with practical
phenomena. In this chapter, before implementing such ISCB, to satisfy the
framework of geo-collaborative crowd management in large-scale outdoor events,
the design of the infrastructure for ISCB, data flow in ISCB and interface of ISCB
are introduced. After that, ten scenarios are generated as outputs for simulations of
crowd behavior under different conditions. Through analyzing the outputs,

suggestions on crowd management for the case event are summarized.
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6.2 Design of ISCB

In ISCB, we use ArcGIS to store spatial data and models, AnyLogic to store the
agent-based crowd behavioral models and simulations. The design of ISCB must

meet the requirements of a geo-collaborative crowd management for outdoor events.
6.2.1 Infrastructure of ISCB

ISCB are carried out in a 2D virtual environment, composed with spatial
environment where crowds behave, agent-based models that govern crowd behavior,
simulations that visualize crowd behavior in different scenarios, and analysis based

on simulation results (Figure 6.1).

1 o

Figure 6.1: Infrastructure of ISCB

Source: author.

Stored in GIS, models of spatial behavioral environment are spatial data models that
represent and store information on phenomena with spatial locations and/or extents
(Lo and Yeung, 2002). The focus of data models in GIS has been on spatial, at the
expense of temporal dimensions (Peuquet, 2002). In contrast, agent-based models
make use of sophisticated representations of time and behavior, often at the expense
of sophisticated representations of space and spatial relationships (Brown et al, 2005).
ISCB needs combine both kinds of models together and visualize crowd behavior
within spaces and with times. So, simulations in ISCB not only reproduce crowd
behavior in real-world, but also generate scenarios us.ed to assess MAPMODE by
comparisons with real situations that have been discovered and recorded. Moreover,

simulations provide platforms for event managers or users to estimate possible
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results under different pre-set conditions. Based on these results, analysis is made as

outputs of figures, tables, reports or other formats.

6.2.2 Data Flow

As the base for ISCB, data is very important for implementations of the whole crowd
management. Spatial database which mainly store the information on spatial
environment and data models representing processes of crowd behavior are the two
main imported data types in ISCB, and they will be calculated and exported as
multiple formats for analysis. Figure 6.2 illustrates the data flow within ISCB.
Spatial data and models stored in Geodatabase are the crowds’ behavioral space and
the input of ISCB. They are mainly stored as shapefiles in ArcGIS including the
spatial locations and felationships of roads, buildings, event scope, spatial controls
and visibility analysis. The spatial information in the formats of point, lines,
polygons need to be transformed and transmitted to ISCB to provide as agents
environment. As another type of input information in ISCB, crowd libraries are
generated to describe crowd behavior in the event based on MAPMODE. In addition,
libraries also include such information on populations as generations of the number
of crowds, crowd behavioral speed, directions, and routes. Within ISCB, through
simulations, input data is computed and calculated real-time to get statistics of crowd
information on behavioral states or densities. Above data are implemented and
achieved in the MAB platform AnyLogic. Result data is visualized and analyzed, and
become the output of ISCB. Outputs data can be animations, figures, statistics,

databases, excel tables, documents or reports.
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Source:

Figure 6.2: Data Flow in ISCB

author.
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6.2.3 Interface Design

Mainly for scientific explorations of crowd behavior in outdoor events, interface of
ISCB provides an environment for visualizing MAPMODE, user controls, and
illustrations of result analysis (Figure 6.3). Therefore, three modules are created, and
they are the module of User Control, the module of Model Visualization, and the

module of Result Visualization.

Module of User Control provides conditions for users to set different simulation
parameters. It’s mainly composed with three parts of controls: controls for
population generation for initialization of crowd behavior, controls for spatial
controls during the firework display like cordons setting, policemen setting, settings
of buildings opening or closing, and controls for scenario simulations like roads
closing/opening, emergencies settings, and crowd density changes. Module of Model
Visualization mainly display crowd movement processes under different control
settings for exploration of interactions between crowds in the events and dynamics
emerged through interactions. Some of crowd collective phenomenon can also be
displayed in this module, such as crowd density changes and speed changes. The
third module of Result Visualization mainly displays real-time analysis results
according to the computations of crowd behavioral models. It mainly displays
variations of crowd behavioral attributions with the time lapse and statistics of
population changes within event areas. It is noticed that this interface design only
refers to the carryout of crowd behavioral simulations, while the implementations are
achieved within the architecture of agent-based software AnyLogic which provides

other part of interfaces to compile and run models.

T I e e e e e P

Visualization Visualizaﬁoﬁ’ —————

Figure 6.3: Interface Design of ISCB

Source: author.
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6.3 Implementations
Implementations are based on the language Java and libraries integrated in AnyLogic.
6.3.1 Project Structure

In ISCB, project Crowd Management.alp is created for integrating all of the three
pedestrian behavioral models and simulations based on those models. Structure of
the project is illustrated as Figure 6.4. Figure 6.4a describes the project composed
with models generated as Crowd Arrivaljar, Crowd Dispersaljar, and
Crowd_Evacuation jar. Each simulation will also be generated based on each model
that is respectively represented as Simulation _of Crowd_Arrival,
Simulation_of Crowd_Dispersal, and Simulation_of Crowd_Evacuation. Scenarios
will be produced within any models through setting different controls by users.
Figure 6.4b is the snap of ISCB.

Crowd_Management.alp

. EMEp Crowd_Arrival
' DU o1 18-% Model_of_Crowd_Arrival
Crowd Arrival.jar | —® Simulation_of Crowd_Arrival ; g L ?‘ StDpFunc )
E-§@ Crowd_Dispersal
| 3%y Model_of _Crowd_Dispersal
&-§8 Crowd_Evacuation o

Crowd_Dispersal.jar ——— . Simulation_of Crowd_Dispersal

Crowd_Evacuation jar *  Simulation_of Crowd_Evacuation

Figure 6.4a: Project Structure Figure 6.4b: Snap of ISCB

Figure 6.4: Project Structure of ISCB

Source: author.

6.3.2 Spaces

Crowd behavior is limited within their spaces. In ISCB, spaces are the behavioral
environment for all the agents. Pedestrianization area is the space that crowds make
movement in this ISCB, which includes the roads, buildings, and spatial controls.

Figure 6.5 is the snap of agents behavioral spaces for the phase of crowd arrival.
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MTR and KCR exits and road entrances to this area are those points where
pedestrian agents are generated and starting moving to the spaces. In the

implementation, walls are created as boundaries to limit crowd behavior in spaces.

4/

NS

0 0000s

| Figure 6.5: Snap of Crowd Behavioral Spaces

Source: author.

- 6.3.3 Population Generation

During the phase of crowd arrival, population will be generated from starting points
as crowds who move to the event area for viewing the firework display. There are 6
entrances from roads and 2 sites where crowd generate and move into activity area.
They are entrances located at Canton Road, Kowloon Park Drive, Nathan Road,
Chatham Road South, Mody Road, Salisbury Road, and two sites MTR and KCR
station which have totally 9 entrances that will generate crowds. Considering that it
is feasible to calculate the number of people that MTR and KCR transport at the TST
station and to measure the number at each road entrances, and it is possible that this
information of population may vary with period of time and with different events,
controls are set in ISCB for providing a modifiable population setting for users to
compare different results that may produce. Eight parameters CantonRdPed,
KPDRdPed, NathanRdPed, ChathamRdPed, ModyRdPed, SalisRdPed, MTRPed, and
KCRPed are set for representations of the population that will be generated at each

entrance.
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Figure 6.6: Controls of Population Generation in ISCB

Source: author.

For each pedestrian agent generated from entrances, it has attributions of speed, color,
diameter, aggressiveness, initial direction, and etc. These attributions are alterable

according to different conditions.

During phases of crowd dispersal and evacuation, the initial state of pedestrians is
located within zones, so it is needed to generate population at the startup of
simulation. Agent class Ped Out is created specifically for these two phases, which
is a subclass of Ped and inherit all the attributes and functions of class Ped.
Generating pedestrians within certain area can be implemented by using following
code and Figure 6.7 illustrated the scene of population generated within case study
and with number of 2000.
L

Figure 6.7: Sketch Map of Population Generation during Phases of Dispersion and
Evacuation

Source: author.
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6.3.4 Controls

Controls are inevitable components in the outdoor event used for releasing crowding
and keeping safety. In the firework display, spatial controls include facilities that
policemen will set, messages that policemen guide directions of crowd movement,
and some important buildings that will be set open or close to allow or forbid
crowd’s passing through. ISCB provide three examples of controls for users to
explore pedestrian behavior and their interactions with environment. Figure 6.8
displays the interface of controls set in ISCB. They are controls of “Cordons”, the
control of “Police”, and the control of “Buildings”. And three levels of control
“Cordons” are prepared to temporarily control crowd movement to release crowded
situation which are set as Cordon A, Cordon B, and Cordon C. If each of cordons is
set, they will act as blocks on roads and crowds will change their movement

directions.

For example, if “Cordon A” is set by wusers, by implementing
“Cordon_A.setOpen( true )” cordon A will act as blocks that prevent pedestrians
passing through, and pedestrians will try to find another direction to move to their
attractions; while if “Cordon A” is removed by users by clicking button “Remove”,
pedestrians will continue to move as they want to their destinations by implementing
“Cordon_A.setOpen( false )”. The second control in the event is the event manager,
mainly policeman, by sending messages to pedestrians to change their movement
directions for releasing crowding in certain roads. In ISCB, if “Police” is set as
sending “Message” in the controls, pedestrians who interact with policemen will
move the direction according to the message. The third control in the event is some
main buildings that will be set close to forbid pedestrians passing. In ISCB, we take
the example of “Cultural Center” as simulating the different results if the building is

set open or close.
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Figure 6.8: spatial Controls in ISCB

Source: author.

6.3.5 Output

For evaluating crowd behavioral models and analyzing crowd behavior, certain
computation results need exported, such as animations, figures, or tables. Animations
provide visual results of real-time processes of crowd movement based on
MAPMODE and with different constraints of spatial controls. Furthermore, statistics
of parameters which can be used to analyze crowd behavior and indicate decisions
are calculated and displayed with time as well. In ISCB, indicators that have been
computed are crowd population, crowd density and average time. At the same time, 5
main roads and 2 zones are selected as samples where contains complex crowd
behavior. They are Nathan Road, Kowloon Park Drive, Canton Road, Chatham Road,
Salisbury Road, Seashore (Pedestrianization Area), and WaitArea (Where
pedestrians stop to view the display). Variables are defined to record the dynamics
values (Table 6.1).
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Variable Sample Site Meaning Implementation
N_Pop Number of pedestrians on Nathan.size()
Nathan Road ,
N_Den Nathan Road gzgzity of crowds on Nathan | Nathan.density()
NT Average length of stay of Nathan.getAverageTime()
pedestrians on Nathan Road
KPD Pop Number of pedestrians on KPD.size()
Kowloon Park Drive
KPD Den Kowloon Park | Density of crowds on KPD.density()
Drive Kowloon Park Drive
KPD T Average length of stay of KPD.getAverageTime()
pedestrians on Kowloon Park
Drive
C Pop Number of pedestrians on Canton.size()
Canton Road
C Den Canton Road ggralzity of crowds on Canton | Canton.densitiy()
crT Average length of stay of Canton.getAverageTime()
pedestrians on Canton Road
Ch_Pop Number of pedestrians on Chatham.size()
Chatham Chatham Road
Ch_Den Density of crowds on Chatham.density()
Road Chatham Road
Ch T Average length of stay of Chatham.getAverageTime()
pedestrians on Chatham Road
Salis_Pop Number of pedestrians on Salisbury.size()
Salisbury Salisbury Road
Salis_Den Density of crowds on Salisbury.density()
Road Salisbury Road
Salis T Average length of stay of Salisbury.getAverageTime()
pedestrians on Salisbury Road
Pedarea Pop Number of pedestrians within | PedArea.size()
Pedestrianizat | pedestrianization area
Pedarea_Den . Density of crowds on within PedArea.density()
ion Area pedestrianization area
Pedarea T (Seashore) Average length of stay of PedArea.getdverageTime()
pedestrians within
pedestrianization area
waitAreaPop Number of pedestrian waiting | Waitarea.size()
waitAreaDensity Density of pedestrian waiting | Waitarea.density()

Source: author.

Table 6.1: Variables for Output

6.4 Scenario Generation and Model Evaluations

In contrast to induction and deduction, simulation is the third way of doing scientific

study, especially in researches involving human activity. That’s also why agent-

based modeling and simulation is adopted in crowd behavioral modeling. Based on

MAPMODE we developed in former chapter and implementations on such models,
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scenarios are generated step by step, first let pedestrians behave without any controls
to analyze and assess possible phenomenon produced by crowd interactions, second
to add spatial controls on crowd behavior, mainly the cordons and the messages that
policemen send, and third to simulate and compare different outcomes when setting
buildings different situation and setting different road situations. While it is
important that the primary objective of scenarios simulations in this research is not to
accurately predict or prove crowd dynamics, but to perform and discover possible
sequences resulting from crowd behavior. In the social science, in particular, even
highly complicated simulation models can rarely prove completely accurate (Axelrod,
1997). At the same time, for each time when we calculate our models, especially the
agent-based models, results or processes we get through computations may probably
different. However, the trends synthesized on these results are valuable for scientific

researches on what we are interested in.
6.4.1 Simulation and Evaluation: Crowd Arrival

Crowd movement in the arrival phase is simulated in this section with different
conditions. Both the crowd arrival model and functions of what we design for ISCB

are evaluated. Results of different scenarios have been compared and analyzed.
Scenario 1: Crowd Arrival without Spatial Controls

In this scenario, pedestrians are generated from their starting points, based on
different generating rate of number of pedestrians at each point. Each pedestrian
randomly select his way to destinations to see the display. Spatial controls are not
added in this scenario. Within pedestrianization area, crowds interact with each other
with time elapse. Figure 6.9 displays the statistics of changes of crowd density,

population and length of stay within sampling sites in this scenario.
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Figure 6.9a: Statistics of Density

_Populatioh

Figure 6.9b: Statistics of Population
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Length of Stay

Figure 6.9c: Statistic of Length of Stay

Figure 6.9: Statistics of Density, Population and Time of Delay

Source: author.

Statistics of density changes on main roads and 2 zones (Figure 6.9a) reflect the
increasing trends of crowd density with time. Within this scenario, Nathan Road
becomes the most crowded road, density on Canton Road, Kowloon Park Drive and
Chatham Road is also very high and increase fast with time, and as the connecting
road between streets and seashore, Salisbury road appear not so crowded as other
roads and keep almost same speed of density rise with that within seashore. At this
period, pedestrians come through starting points and move to gather on seashore to
view the display, thereby population on sampling sites are all increasing (Figure
6.9b), especially that within seashore. While at the same time, population of
pedestrians who stop their movement and wait to view the display does not increase
as much as that within seashore, which means that quite number of pedestrians are
wandering within pedestrianization area, and may hesitating to select their most
satisfied points. Statistics of Length of Stay records the average time that each
pedestrian stay inside the specified area (Figure 6.9¢c). Pedestrians stay longest period
of time on Canton Road, since it is a road directly reaching to attractors and there are

not much branches of roads connected with. And Pedestrians stay shortest period of

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



time on Salisbury Road, since it is a connecting road through which pedestrians try
move to places where have best viewshed. Periods of time pedestrians stay on
Nathan Road, Kowloon Park Drive and Chatham Road are similar, since they have
similar options to select routes to arrive their destinations. Statistics of parameters on
crowds show the rough process of crowd arrival without spatial controls, and testify
the crowd behavioral model during the arrival phase. As a whole, population and
density of crowds increase rapidly from the beginning of crowd generation, but
keeping within a certain extent when reaching a threshold. Streets roads are places
where policemen need more carefulness at the beginning of crowd arrival phase,
while with more people arriving the zone of seashore, event managers should take
care of people moving back and forth, and try guide them to stop moving and wait

for the display.

As another type of output, animations of crowd arrival in this scenario further
facilitate analyzing crowd behavior and evaluate crowd behavioral model. Figure
6.10 displays the snapshots of scenes at different time. Moreover, agent-based
simulation reveals some details that are easy to be ignored when managing crowds.
First, there are 3 sites which may involve much pedestrian activities and possess high
risk of crowding, as labeled as site A, B and C. Site A is the intersection of Canton
Road and Hong Kong Cultural Center, through which both directions of westward
and eastward can lead pedestrians to reach to their destination. That will probably
produce high interactions between pedestrians to choose routes. Site B and C are two
areas that go to best viewshed zones. Most Pedestrians from street roads pass through
the two sites to get to their destinations, after crossing Salisbury Road. At the same
time, site B and C themselves hold highest viewshed value, which makes them two
attractive sites for crowds assembling. Second, there is high possibility that crowds
may jam on Nathan Road (Figure 6.10c). As a major thoroughfare involved within
event zone, Nathan Road not only receive pedestrians from outside the zone, but the
pedestrians coming by taking trains or subways. There are total 5 sources directly on
this road, with one taking over the crowds from outside the event zone (from Jordon
MTR Station and other pedestrians) and other four releasing crowds from MTR of
TST station which takes half of population who arrive the zone by taking public
transportation. Nathan Road also receives pedestrians coming across Zone 2 from

Chatham Road. That’s also why Nathan Road has been calculated to own the highest
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density if there are not any controls taken. Agent-based simulation reflects this
phenomenon correctly. Third, site D (Figure 6.10c, red circle) also involves high
interactions between pedestrians. It is an intersection between Chatham Road and
Mody Road, and there are two KCR exits of TST Station located on this site. Also,
this site D receives pedestrians from Chatham Road and Mody Road, crowds may
either move along Chatham Road to Seashore or along Mody Road to Zone 2. But,
the section of Mody road within Zone 2 becomes narrow suddenly which may result
the jams of crowds on site D. Policemen should pay more attention on this site and
guide crowds behavior if necessary. However, event managers should watch
carefully on each road with increasingly pedestrians appearing within zones, while

above referred need more careful attentions and guidance.

Figure 6.10b: Snapshot 2 (time= 47.366921)
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Figure 6.10c: Snapshot 3 (time= 73.489251)

Figure 6.10 Scenario of Crowd Arrival without Spatial Controls

Source: author.

Scenario 2: Crowd Arrival with Policemen Control

Scenario of crowd arrival without any spatial controls shows the extremely crowding
appeared on Nathan Road and Zone 2, which may be unsafe for crowd movement.
Controls should be added to intervene pedestrian’s route choice. As event managers,
policemen should guide them move to roads those are not so crowded to release the
crowding. Based on existing plan, pedestrians are guided to move within different
zones, which means that they are guided to move westward within Zone 1 and
eastward within Zone 2. So this scenario 2 simulates crowd movement affected by
policemen control, that is to say if crowd density is found too high, policemen will
send messages that guide their behavior in different zones, thereby keeping the
crowd density within a safe extent. Figure 6.11 records the changing crowd density

and population within sampling sits in this scenario.
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Figure 6.11: Statistics of Crowd Density and Population in Scenario 2

Source: author.

With controls from policemen on crowd density within zones, the crowding pressure
on Nathan Road has been obviously released and gone shared with other roads. The
number of pedestrians on each road also maintains within extent. With more
pedestrians getting together within zones, density and the number of pedestrians
within Seashore are getting increasing. From the statistics of density and population
within sampling sites (Figure 6.11), there are possibly 3 phases formed with this
scenario. The first is from t=0 to about t=140, crowds are guided moving safely
within zones and reaching Seashore to wait for the display. Density and population
within Seashore increase quickly, but still only part of pedestrians within Seashore
stop to wait for the display, other part of people wander and try to find best places.
This phase basically is kept safe for crowd movement, except for more attention
needed on Seashore. The second phase is from t=140 to about t=200, with enough
number of pedestrians within Seashore, crowds begin to form on roads, thereby
density on each road starting increasing largely. And as the closest road to Seashore,

density on Salisbury Road is getting quickly enlarged. More controls should be
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added except for policemen guidance, or there will be the third phase formed (t>250),
within which density on each road may get enough high to arose high risk of crowd

safety.

Animation of this scenario 2 also discloses an area that needs special attention (blue
circle Figure 6.12). Crowds are easily formed from the early forepart of this scenario
and keep until the end of phase. This area is located within Zone 2, people from
Chatham Road, Mody Road and KCR or MTR station are probably guided to move
through Mody Road to arrive their destination. But there are two branches which are
easily be considered connected with Seashore, thereby attracting pedestrians move
towards them. In fact, they are connected with a Garden and cannot get through to

Seashore. Event managers should watch this area carefully and remind pedestrians of
that.

Figure 6.12a: Snapshot 2.1 Figure 6.12b: Snapshot 2.2

Figure 6.12: Scenario of Crowd Arrival with Policemen Control

Source: author.

Scenario 3: Crowd Arrival with Controls of Policemen and Cordons

The function of cordons is to temporarily stop pedestrian’s movement and wait them
until density in certain area is down. Based on existing information on cordons
setting, this scenario simulates the scene of setting cordon A to prevent more
pedestrians moving into the area when density in it has got high enough. Figure 6.13
shows the snapshot of putting Cordon A at specified location and computation result
of density changes on sampling sites before and after the setting. It is found that the
function of cordon has successfully blocked the movement of pedestrians and low
down the speed of density increase within Seashore. But at the same time, setting of

Cordon A increase the density on roads, especially that on Nathan Road and
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Salisbury Road. That’s because pedestrians still move forward to Seashore but be
stopped and wait on Salisbury Road. While, pedestrians on Nathan Road is more

encouraged to move westward within Zone 1 to reduce the density on it.

Cordon A

Figure 6.13a: The Begin of Setting Cordon Figure 6.13b: Snapshot after Setting Cordon A
A
Density
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Figure 6.13c: Changes of Density Before and After Setting Cordon A

Figure 6.13: Scenario of Crowd Arrival using Cordons

Source: author.

Existing locations of cordons are mainly within Zonel, while the animation result
shows that Zone 2 is also an area where it is easily to find the overcrowding
phenomenon, especially the area spoken of in Scenario 2. One of the possible reason
might be that most part of the whole population are coming out from Zone 2 due to

the planning conditions of exits on KCR and MTR stations.
Scenario 4: Opening Cultural Center During the Phase of Crowd Arrival

There are buildings that can be passed through and mostly are shortcuts for
pedestrians to arrive their destinations. Normally, they are close and not allowed to

enter during the whole period. This scenario simulates the scenes if one building is
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open and evaluates the possibility of opening such buildings during the event. The
main objective of this scenario is to simulate the scene and make this function work
in ISCB, since real passages in the buildings are complicated. Figure 6.14 displays
one of the snapshots for the animation (Figure 6.14a) and the records of the number

of pedestrians who select to pass through the Cultural Center (Figure 6.14b).
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Figure 6.14a: Snapshot of Opening Figure 6.14b: Number of Pedestrians Passing
Cultural Center through Cultural Center

Figure 6.14: Scenario of Opening Cultural Center

Source: author.

It is found that pedestrians like to select this building as shortcut to get to the sites
which have high viewshed value, and the number goes up with the increasing of total
number of pedestrians in Seashore. It will be not so secure enough when crowd
density outside the building is too high to receive more pedestrians walking out of
the building. Therefore, it is not advisable to allow passing through the building
during the event, at least closing the buildings when having observed the crowd

density within Seashore is high enough.

Scenario 5: Changing Exit L4 & L3 From Exit N1 & N2 of KCR Station as

“Out” During Crowd Arrival

In the crowd arrival phase, it is obvious that Zone 2 produces much more population
than other zones, causing the unbalance of the number of crowds which easily results
in crowd jams. So in this scenario, we try to simulate the scenario that setting Exit F1
& F2 of the KCR station as “out” for allowing pedestrians coming out, and closing
Exit N1 & N2 as “in” for only allowing pedestrians moving into. Exit F1 & F2 are
located within Zone 1, which will hopefully change the generation of population, so

this scenario tries to compare different results produced by setting different exit
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attributes. Figure 6.15 is the output of this scenario. Simulation results show that
changing the situation of Exit L4 & L3 as “out” does not release the high density on
Nathan Road, but increase that instead. As pedestrians coming out from Exit .4 &
L3 have high probability to choose move toward to Nathan Road and enter the
Seashore, and the time period it take them to move to the Nathan Road is shorter,
both of which make Nathan Road becoming crowded in a short period of time. At the
same time, most pedestrians from Nathan Road may select area between Hong Kong
Space Museum and New World Center as their destinations due to the good visual
fields there (Figure 6.15a). The computation result of the density change within
sampling sites also indicates the extremely high density on Nathan Road (Figure
6.15b). Therefore, it is not advisable to open the Exit L4 & L3 during crowd arrival
phase.

ExitLl4 &L3

Figure 6.15a: Snapshot of Scenario 5 Figure 6.15b: Statistics of Density in Scenario 5

Figure 6.15: Scenario of Changing Exit Condition

Source: author.

6.4.2 Simulation and Evaluation: Crowd Dispersal

In this section, scenarios are generated to explore the crowd movement in the
dispersal phase, thereby evaluating the crowd dispersal model we have already built
and integrate in this phase by comparison with real scene. Compares are also made
by simulating to add exits of KCR station that allow pedestrians in. At the start of
crowd dispersal, pedestrians are generated and located within the whole

pedestrianization area.
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Scenario 6: Crowd Dispersal with Spatial Controls

The intention of this scenario is to testify and evaluate the crowd dispersal model,
and simulate the process of crowd dispersal in the event of firework display. Crowds
are generated at the start of the simulation, and move to exits based on their
behavioral model. Policemen control the density of crowds within their duties, and
try to maintain a safe environment. Statistics of changes of crowd density, crowd
population and duration of stay within 5 main roads and seashore have been done to

evaluate the process (Figure 6.16).
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Figure 6.16¢: Statistics of Duration Change

Figure 6.16: Output of Crowd Dispersal Phase

Source: author.
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At the start of this dispersal phase, pedestrians are located within the whole area,
with highest populétion in Seashore (Figure 6.16a). Then, pedestrians move based on
the rules of dispersal model, randomly selecting an exit to leave the area if they are in
view of exits, or following others if not. Therefore, the population within Seashore
decreases rapidly, since they begin to move towards their different destinations.
While the number of population within each road begins increasing, especially
within Salisbury Road that is a connecting road between Seashore and Street
Network. This situation continues until pedestrians begin leaving this area through
transportation or road exits, thereby keeping the population within roads a balanced
number, and a slowly decreasing number within Seashore. The change of density
within sampling sites also explains the reliability of simulation of crowd dispersal
phase (Figure 6.16b). At the former time period of dispersal phase, density on 5 main
roads increases rapidly because large number of crowds within seashore try to move
through roads to leave the area, especially the Salisbury Road and Nathan Road.
There are totally 5 MTR exits located near Nathan Road, which attracted most of
pedestrians selecting these exits to leave the area, thereby causing Nathan Road with
high density. Crowd density on Kowloon Park Drive also presents an increasing
density, since most pedestrians within Zone 1 may select passing through Kowloon
Park Drive to reach exits on Nathan Road. Density within Seashore decreases with
the reducing of crowds. Higher the density, the duration of pedestrians stay within
sites becomes longer (Figure 6.16¢). Within the former period of dispersal phase,
pedestrians may need stay within area for a longer time, since exits cannot accept the
inburst of large crowds. Especially within seashore, when crowds finish viewing the
display and prepare dispersing, they will find it is hardly to move forward and need
probably wait for a period of time to start moving. And the situation will be same on
each road. Therefore, it is very important for event managers to watch on crowd
behavior and prevent any accident which may result in disorders. The duration of
stay within sites for pedestrians will maintain steady but still higher after a certain

period.

Based on the statistics of parameters on crowds movement with time, it can be said
that the simulation of crowd dispersal in terms of crowd dispersal model is accordant
with the real-life situation and reliable. Animation of this scenario complementarily

explains the process of crowd dispersal and further implies sites where need special
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attentions (Figure 6.17). The initial situation of dispersal phase is built on the default
that crowds are located within their environment with a high density (Figure 6.17a),
and then begin to move to exits. There are two sites where have been found in the
simulation that are easily to be extremely crowded (Figure 6.17b, A and B). Site A is
located on Nathan Road, where MTR stations C1 and D1 are located. These two
stations may accept pedestrians from both Zone 1 and Zone 2, therefore interactions
from both opposite directions of pedestrian flows are strong enough to form
crowding. And site B is located at the interaction between Nathan Road, Salisbury
Road and the Seashore. Seashore of this part is an area with highest viewshed value
and is filled with large crowds, and moreover, most of the exits to the
pedestrianization area are located on Nathan Road, most of crowds from Seashore
select to follow this way to leave, thereby cause site B a vulnerable site. Cordons are
hereby encouraged to be used to temporarily wait crowds and release high density

within this site.

Figure 6.17a: Snapshot1 of Scenario 6 (t=0)
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Figure 6.17b: Snapshot2 of Scenario 6 (t=79.00)

Figure 6.17: Animation of Scenario 6

Source: author.

Scenario 7: Using Cordon B During Crowd Dispersal

The objective of this scenario is to simulate crowd behavior under the condition of
using cordons and to evaluate functions of cordons in ISCB. Cordon B are selected
as the experiment objects to explore and compare the results related with crowd
behavior. Figure 6.18 records the two snapshots at the start and after of setting
cordons B. The main function of cordons B predefined by the police department is to
decentralize crowds within different zones. At the beginning of dispersal phase, large
crowds from seashore may try to move from there standing sites through Salisbury
Road into different main roads which are obviously cannot accommodate too much
population. And in order to keep pedestrians try distribute even on roads and avoid
too much population selecting Nathan Road as there are many exits around the road,
cordon B1 try to encourage pedestrians leave using Canton Road and Kowloon Park
Drive, Cordon B2 tries to make pedestrians leave using Hankow Road through
Salisbury Road, and Cordon B3 encourage pedestrians selecting Nathan Road and
Middle Road, there by other pedestrians selecting Chatham Road and Salisbury Road
North Section. Figure 6.18b displays the scene after setting cordon B that pedestrians

are distributed evenly on spaces.
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Figure 6.18a: Start Using Cordon B Figure 6.18b: After Using Cordon B

Figure 6.18: Using Cordons when Crowds Disperse

Source: author.

Scenario 8: Adding Exit L1 at KCR Station During Dispersal Phase

As predefined by the Police Department, only one KCR exit is open for allowing
pedestrians in to leave the area, it is simulated in this scenario that additional one exit
is open to explore the changes of crowd dispersal behavior and evaluate the result of
this what-if scenario. Exit L1 located on Middle Road is assumed to be open during
dispersal phase, and Figure 6.19 displays the results of this scenario. The result
shows that opening Exit L1 will not change the crowded situation and shorten the
dispersal time period, but contrarily increase the chances of crowding at the
intersection of Nathan Road and the Seashore. That may because opening the Exit L1
increases the probability of pedestrians choosing Nathan Road as exiting road to the
area. The accumulation of crowds at the intersection goes against the safe release of

crowd population within Seashore.

T S~

Figure 6.19a: Snapshot] of Scenario 8 Figure 6.19b: Snapshot2 of Scenario 8

Figure 6.19: Adding Exit during Crowd Dispersal

Source: author.
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6.4.3 Simulation and Evaluation: Crowd Evacuation

In this section, there are two scenarios are generated to explore the crowd movement
in the evacuation phase when emergencies appear, thereby evaluating the crowd
evacuation model built and integrated in ISCB. One scenario is made to test the
capability of emergency road set on the Salisbury Road by police department, and
the other simulate the results of when “emergency” agents appear on one road and
block the road. At the start of crowd evacuation, pedestrians are also generated and
located within the whole pedestrianization area with a high density. During the
evacuation phase, pedestrians will select the closest exit if there are multiple exits in
view of their vision, and follow others if not. However, at any time, emergency can

come forth and evacuation model can be adopted and implemented in ISCB.
Scenario 9: Crowd Evacuation using Emergency Exits

North section of Salisbury Road is reserved by the Police Department as Emergency
Route for vehicles or crowds passing when needed. Therefore, this scenario tries to
test the function of emergency route predefined by the Police Department, and
evaluate the crowd evacuation model we developed in the former chapter and the
function of emergency route as well. Statistics are made on 5 thoroughfares, seashore,
and emergency route in addition. The following figure 6.20 represents the output of

statistics on crowd parameters within sampling sites.
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Figure 6.20a: Statistics of Population
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Figure 6.20b: Statistics of Population Change
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Duration of Stay

Figure 6.20c: Statistics of Duration of Stay

Figure 6.20: Statistics of Scenario 9

Source: author.

Statistics of population within sampling sites (Figure 6.20a) displays the changes of
the number of pedestrians within areas. From t=0 to t=20 which is the beginning
period of crowd evacuation, population within Seashore decrease rapidly while the
number of pedestrians on Salisbury Road increase, which clearly explains that
pedestrians begin moving to exits through Salisbury Road. Population within other
thoroughfares maintains almost unchangeable. From t=20 to t=60, the number of
pedestrians within Seashore decrease slowly which is the same with that on Salisbury
Road. During this period, pedestrians may accumulate within certain sites, which
cause the slowly disappear of pedestrians. And this situation will continue until the
density of crowds within the whole area reaches a safe value, which also means the
evacuation phase is completed. Density of crowds within each sampling site keeps
almost same tones with the population change. Density on Salisbury Road increases
at the beginning period of crowd evacuation, and decreases thereafter. Density on
Nathan Road exhibits an increasing trends from t=0 to t=40, and decreases slowly
during t>40. That’s because most of the crowds choose the exits around Nathan Road

to evacuate from the region. Duration of stay within sampling sites display an overall
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increasing trends due to the high density within each site. All of these three

parameters decrease finally until the whole area reaches a safe crowd density.

Statistics on parameters during this evacuation phase basically evaluate the reliability
of crowd evacuation model, while the animation of this scenario (Figure 6.21)
displays the scenes of this simulation. During the former time period of crowd
evacuation, pedestrians are located within area with a high density and prepare to
select exits to leave the area as soon as possible (Figure 6.21a). As soon as they
select their closet exit to leave, pedestrians move forward and crowding appear
especially at intersections between Nathan Road, Salisbury Road and the Seashore.
Emergency Route is used to evacuate pedestrians quickly (Figure 6.21b). Since this
scenario is only to test the use of emergency route and no emergencies are simulated,
the scene appears that crowds gather at Nathan Road while leaving the emergency
route unused (Figure 6.21c). That’s because pedestrians find the closest exit on
Nathan Road and most of them would like to select exit there rather than exit on
Salisbury Road which is farther. Therefore, it is suggested that event managers

should remind people of selecting emergency route to evacuate crowds more quickly.
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Figure 6.21c: Snapshot3 of Scenario 9 (t=68.000)

Figure 6.21: Animation Results of Scenario 9

Source: author.
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Scenario 10: Crowd Evacuation When Accident Appears

In this scenario, we assume that one small accident happen within Seashore which is
a high crowd density area. Pedestrians within the accidental area are required to stay
stable within the effected area, and pedestrians outside the accidental area are
restricted entering and leave away as soon as possible. Pedestrians still choose the
closest exits to leave the whole area. Figure 6.22a displays the scenes of the
appearance of accident and crowd movement thereafter which further evaluate the
multi-agent crowd evacuation model. At the start of the appearance of small accident,
the affected area is confirmed that will restrict pedestrians get closer to. Pedestrians
select the closest exit and try get away from accidental area to leave the zones.
Therefore, figure 6.22b displays the crowd behavioral results based on the evacuation
model. The accidental area should be an area that crowds will gather and wait for
leave through using Nathan Road, while crowds either select exit on Salisbury Road
or moving around Cultural Center to leave by passing through Canton Road or
Kowloon Park Drive. Statistics also shows that after the accident appears, although
density within seashore decreases slower, density on Canton Road and Chatham
Road increases rapidly, which explains that more pedestrians select to pass through

those two roads to get way from the area.

Figure 6.22a: Start of Accident

- Acclident

Figure 6.22c: Density Change Before and After the Accident

Figure 6.22: Output of Crowd Evacuation When Accident Appear

Source: author.
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6.5 Summary and Suggestions

In this chapter, the design and implementations of integrating and evaluating
MAPMODE to simulate crowd behavior within outdoor event are explained. And
scenarios that can help explore and analyze crowd behavior through individual
pedestrian’s interactions are generated. ISCB provides valuable outputs by
introducing spatial controls step by step. Ten scenarios are generated that typically
represent crowd behavioral modes with different conditions. Although agent-based
modeling employs simulation, it does not necessarily aim to provide an accurate
representation of a particular empirical application. Instead, the goal of agent-based
modeling is to enrich our understandings of fundamental processes that may appear
in a variety of applications. Outputs of 10 scenarios depict the real-life processes of
crowd movement in the outdoor event. we are studying, and accordingly get
evaluations on the reliability of MAPMODE by comparing those output with
historical records of event processes. What’s more, agent-based simulation helps to
explore emergent phenomenon produced by interactions, which will possibly be
blind spots during managing crowds. However, managing crowds for such large-
scale outdoor events need considerations for multiple factors, based on scenarios
generated from agent-based crowd behavioral models, following suggestions are

proposed for event managers on managing crowds in the firework display.
6.5.1 Phases

There are obviously arrival phase and dispersal phase formed in outdoor event. It is
found that it takes longer time for arrival phase than dispersal phase if no
emergencies appear, which means that event managers should prepare to keep crowd
safety longer time in arrival phase than dispersal phase. At the same time, there are
more sites found that need special attention within arrival phase, which means that
event managers should watch out extremely carefully within crowd arrival phase and
guide their behavior at any time. It may owe to human cognition. In the arrival phase,
due to the complex road network within study area, pedestrians normally have rough
image of the orientation of attractors and choose their route randomly under rough
guidance from policemen. Interactions between pedestrians and their surrounding
environment are strong that need interventions. However, at the dispersal phase,

when crowds are almost filled with the whole zones, pedestrians are easy to find their
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exits to leave the zones by themselves or by following other crowds. And the whole
area is considered to be safe as long as the density decreased to certain threshold.
Therefore, detailed and careful preparations for events are much important during

crowd management.
6.5.2 Zones

There are 3 zones partitioned originally according to information got from TST
Police Department, while it is found that there is much less complicated urban
morphology with Zone 3 than Zone 1 and 2. For the crowd arrival phase, there are
more roads that can lead to most crowded area (Seashore) within Zone 1 than those
within Zone 2 and 3. And for the dispersal or evacuation phase, there are also more
roads in Zone 1 that can receive large population from Seashore and lead them leave
the area. But there will produce largest number of pedestrians within Zone 2, since it
is an area including all the exits of KCR and MTR that pedestrians come out from
TST Station that are pre-set by event managers. So to release crowds within Zone 2
during the arrival phase, managers should encourage pedestrians move to their
destinations by crossing Zone 1, which will alleviate the pressure of high density of
crowds within Zone 2. And during dispersal or evacuation phase, managers should
encourage crowds select roads within Zone 1, which may help them leave the area

quickly.

Seashore becomes a specific zone where has most number of population and highest
crowd density. However, there are only parts of sites owning high viewshed value for
display. Still, crowds will gather within this area and try their best to move to their
best sites, which result in very high interactions between pedestrians and increase the
vulnerability of crowd safety within the Seashore area. So, it is suggested that
Seashore can be partitioned as an individual zone which will need specific attention
on crowd behavior, so that 4 zones are formed to reduce confused duties within
Seashore. Personnel that manage crowds in this event can be distributed according to

extent of possible interactions within each zone.
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6.5.3 Roads

Road intersections are sites having high crowd interactions. Pedestrians need make
route choice on intersections, and event managers should guide or remind crowds to
make available selections to release high density on certain thoroughfares. Special
attention should be paid on roads where originate population, like Nathan Road and

Chatham Road, since there are public transportation on those two roads.
6.5.4 Main Buildings

Main buildings are not suggested to be open during the event time period, especially
those are located within Seashore. Simulation of opening Cultural Center during
crowd arrival phase shows that at the beginning part of the phase, it can be open, and
pedestrians who select to pass through the building to reach their destinations take up
quite a high percentage of the total population within seashore and increase much
quickly. It will be danger when the density of crowd outside the building is high. At
the same time, area around the Cultural Center is also a site with highest viewshed
for the display, so it is strongly recommend that main buildings should be close

during the whole time-period.
6.5.5 KCR and MTR stations

KCR and MTR are the two main public transportation vehicles by which pedestrians
come out into the event zones. Although they are not our concerns of crowds
movement within subway stations in this research work, it is very necessary to pay
attentions to the areas around the exits due to the overflow of large crowds.
Simulations of each scenario have already showed the incidental jams produced by

crowds.

In conclusion, the main objective of this research is to provide a framework for geo-
collaboratively managing crowds for large-scale outdoor events. By integrating
multi-agent crowd behavioral models, the simulations have ensured the reliabilities
of MAPMODE and the feasibility of providing a platform for geo-collaboration
during the work on the same geographic problem of crowd behavior for different

users.
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CHAPTER 7 CONCLUSIONS

As introduced in the first chapter, the main objectives of this thesis work are to find
the dynamics of crowd behaviors in large-scale outdoor events and to provide a
framework for managing crowds in such events. These have been achieved through
MAPMODE that are developed here. Based on the study of the case event of
“Firework Display in Hong Kong TST area” which is a frequent outdoor event, this
research explores the dynamics of crowd behaviors by emphasizing the effects of
spatial environment on pedestrian movement, develops and simulates crowd
behavior focusing on interactions between different objects involved in the event,
and builds a rational framework for crowd management on such outdoor events.
Crowd behaviors have attracted increasing interests from researchers and demanding
suggestions and solutions are required by outdoor event managers. So this research
has provided an alternative means to current behavioral research on crowd and
pedestrian dynamics with an attempt to use multi-agent based approach and
integrating human spatial cognitions to build a computational model of crowd
behaviors. In spite of limitations on data quality, it is a feasible framework to serve
as a platform for communication and decision-making for the relevant players.
Future works are necessary to extend the geo-collaboration for managing crowds in

large-scale outdoor events.
7.1 Significémce
7.1.1 Conceptualizing Crowd Management for Large-Scale Outdoor Events

As outdoor events are becoming frequent happenings in modern urban cities, crowd
management is also getting more important in both scientific researches and practical
applications. There has been much focus on crowd management in indoor
environments, like a building, mainly from the engineering point of view concerning
how to safely and quickly evacuate occupants in the events of a fire or other
emergencies. Most of these researches emphasize mainly on the design of buildings
or facilities. This research argues that crowds in outdoor events should also be paid
attention such as crowds in parades, recreational events, or pilgrimages. Means for a

systematic management of crowds in outdoor events are still absent, particularly in
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reference to computational models of crowd dynamics. Through the works
completed here, crowd management for large-scale outdoor events have been
conceptualized through an analysis of crowd behavioral dynamics for the

implementation of geo-collaboration on crowd management.

This research has firstly gained an insight into the nature of outdoor crowds,
focusing on the relationship between pedestrians’ spatio-temporal behaviors and
urban built environments. It was found that urban spatial morphology has great
effects on human behaviors. That is represented as pedestrian visibility differences
contained by urban terrain and road networks. These differences can be analyzed and
calculated through establishing detailed urban spatial models and exhibiting
viewshed differences by geographic terrain and isovist differences by urban road
networks. Quantified visibility differences make it clear for managers to estimate and
evaluate possible crowded levels within event-affected areas. In virtue of spatial
analytical tools, crowd modeling and crowd management have been improved by
viewing from the perspective of spatial information rather than only from the points
of engineering or environmental psychology. Besides, crowd behaviors are a result of
interactions that not only exist among individual pedestrians but also between
individual pedestrian and his behavioral space. Interactions arise from the beginning
of the strategic level of pedestrian behavior and disappear at the completion of
pedestrian behavior. It has implied a dynamic process of spatio-temporal behaviors
and interactions. Dynamics of outdoor crowds can be acquired through further

understanding of behavioral interactions between each component within the events.

Secondly, this research has also gained an insight on managing crowds based on
development phases. Due to the characteristics of a short duration and a large
number of participants of large-scale outdoor events, crowding may emerge at any
time-period and any position. Most of the current researches on crowd modeling
have put more emphasis on human evacuation from emergencies than the emphasis
on how crowd is formed and dispersed in normal situations. This research has
proposed three comparably important phases for building crowd behavioral models,
including the phases of crowd arrival, crowd dispersal and crowd evacuation in
emergencies. Within each phase, owing to distinct goals and environmental settings,

crowds behave differently. In addition, the use of spatial database integrated with
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spatio-temporal models for these three phases has given rise to improved functions at

all of the environmental, pedestrian and emergency management for outdoor events.

Thirdly, as group works are the principal mode for management, moving crowd
management towards geo-collaboration is necessary and inevitable. The framework
for a geo-collaborative management of crowds has been proposed in this work,
which is composed of data environment, visualization environment, interface
environment and user environment. The framework is developed for data
environment which stores information and knowledge of individual behaviors and
their behavioral space. It provides a visualization environment for different end-users
to simulate processes of crowd behaviors and events evolvement, and support
decisions-making with multi-modal and multi-mode interfaces. Geo-collaboration
will support dialogues for groups at the same/different places and same/different time,

and provide communications between users for coordinated work.

So, specifically in this work, conceptions of crowd management for large-scale

outdoor events have shed lights on:

® new viewpoints from the spatio-temporal perspective on crowd behaviors
and their interactions;

® extensions on crowd dynamics within both normal and emergent situations;

® explorations on crowd behaviors from both aggregate and disaggregate
views;

® proposal of geo-collaborative management of crowds to support decision-
making;

® improvements on understanding human behaviors with the help of
contemporary development of Geographic Information Sciences both

theoretically and technically.

The framework for geo-collaborative crowd management is expected to be
applicable to any outdoor events in solving the problem of efficiently managing large
pedestrians movement in a short period of time. It is hoped to release the pressures
from the absence of practical knowledge on and tools for crowd management,
particularly when concerns are growing in developing an appropriate science to deal

with safety, crime and leisure.
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7.1.2 Agent-Based Modeling of Emergent Systems

Emergent systems indicate that interactions among simple parts can produce
complex phenomena (Epstein, 1996; Johnson, 2001). By this definition, the whole of
one system is more than the sum of its parts because of the interactions between the
parts. Thus they cannot be simply reduced into the pieces of the system, since an
emergent phenomenon may have properties that are decoupled from the properties of
the parts (Bonabeau, 2002). The characteristics of emergent phenomena make them
difficult to understand and predict because emergent phenomena can be
counterintuitive. Human systems like crowd dynamics are one kind of emergent
systems whose involved factors are mostly “soft”; for example, potentially irrational
behavior, subjective choices, and complex psychology. These factors are difficult to
quantify, calibrate, and sometimes justify. Although there may exist a major source
of problems in interpreting the outcomes of simulations, it is fair to say that in most
cases agent-based modeling is seemingly the only way to deal with such situations.
In agent-based modeling, a system is modeled as a collection of autonomous
decision-making entities called agents. Each individual agent assesses its situation
and makes decisions on the basis of a set of rules. Repetitive and competitive
interactions among agents are the feature of agent-based modeling. The power of a
computer is relied upon to explore behavioral dynamics beyond the reach of pure
mathematical methods. Even a simple agent-based model can exhibit complex
behavior patterns and provide valuable information about the dynamics of the real-
world system that it emulates. In MAPMODE, an outdoor event of a firework display
is described as a combination of interactions between seven types of agents:
pedestrians, policemen, attractors, roads, buildings, facilities and emergencies. The
ISCB tries to simulate crowd behavior based on their behavioral interactions thereby
acquiring the possible emergent phenomenon of crowding and achieving the goal of
managing crowds through scenarios. By modeling and simulating the behavior of the
system’s constituent units and their interactions, agent-based modeling captures
emergence from the bottom up when the simulation is run. It is found that this agent-
based modeling approach provides additional information on crowds that cannot
easily be observed or be estimated only through collective analysis. Scenarios

generated in Chapter six have been evaluated and demonstrated advantages of such
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MA approach, which help improve knowledge on crowd behaviors in a case event

that is not easily explored through observations and analyze in Chapter four.

The agent-based approach is also able to capture an emergent phenomenon and
thereby provides a natural description of emergent systems. For example, if
individuals behave following certain specific rules then crowds as a whole will
exhibit some particular properties. How does the heterogeneous micro-scale of
individual pedestrian behavior generate the global macroscopic regularities of the
whole crowd system? There has been research preoccupied with static equilibria to
summarize the relationships while time dynamics has essentially been ignored. But
human behavior is a nonlinear and nonequilibrium dynamics. MA approach helps to
overcome these problems and has been applied in this work in describing crowd
behavioral processes. It depicts the whole crowd system from the perspectives of its
constituents. In addition, it not only simulates the spatial change of agents, but also
the temporal evolvement of an event. MAPMODE in this work naturally simulate the
three phases of crowd movement and event processes, and provide support for better
decision-making. This MA approach is also flexible for users to study and
communicate. For example, it is easy to add or delete agents in MAPMODE and set
different attributes for agents, like setting road situations as close or open. Users can
set facilities via the user-friendly interface, like adding mills barriers on roads to
temporarily bar pedestrian’s movement. Furthermore, it is not difficult to revise
parameters with agents given the natural framework for adjusting the complexity of
the agents: behavior, degree of rationality, ability to learn and evolve, and the rules
of interaction. Besides, the model can be stopped or resumed at any time to explore

the changing system after each step without disrupting the structure of the model.
7.1.3 Empirical Modeling of Human Spatial Cognition

It is widely accepted that human behavior is driven by his cognition on the
environment. Spatial cognition is concerned with the study of knowledge and beliefs
about spatial properties of objects and events in the world (Montello, 2001).
Cognitive structures and processes are a part of the human mind, which emerges
from the brain and nervous system inside of a body. Spatial cognition includes the
cognition of location, size, distance, direction, separation and connection, shape,

pattern, and movement. There have been many models developed for cognitive
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processes in a geographic space, but most of them are conceptual or semantic due to
the complex infrastructure of human thinking. Behavioral modeling is still mostly
based on exterior representations. However, any research concerning cognitive maps
should be philosophically, theoretically, and methodologically sound and these three
features should be related strongly (Downs, 1970). To gain better insights into the
whole process of spatial thought and behavior, it is necessary to integrate disparate
theories into a more coherent whole. Hence, MAPMODE developed in this work for
large-scale outdoor events has combined not only the long-term observations and
experiences on pedestrian and crowd behaviors but also the psychological cognitive
process of pedestrian decision-making and spatial cognition. Based on the
investigations on historical events, it is assumed in MAPMODE that pedestrians who
are participating in the case event have a general cognition of the locations and
orientations of goals they are to achieve. But in dealing with discrete behavior of
pedestrian movement, it has integrated the feature of “following the crowd” as
represented by the flocking behavior. Not only is the pedestrian behavior modeled at
the practical level, but also the strategic and tactical levels of pedestrian decision-
making processes are integrated and simulated. First, each pedestrian agent is a
decision maker, actively making decisions, setting goals, and guiding behaviors to
achieve the goals. The goals are constantly’changing based on the information that is
continuously acquired. Second, behavior is a function of both the real and subjective
worlds. Pedestrian behavior is constrained by spatial and environmental factors or
human interventions. However, these constraints can be recognized and individuals
have the capacity to use and process the information received from the environment
to construct decisions. Third, the whole behavioral process is dynamic and embedded.
Information is constantly recycled and reprocessed, with many problems and
scenarios being processed in parallel. The whole cycle linking thought and behavior
is thus in a constant state of flux. Fourth, pedestrian’s cognition is both internalized
and externalized. A pedestrian’s next step is a reaction of the previous actions that
change with the environment. Thus, the behavioral environment is dynamic and in a
progressive state of changes with each time interval. Although it is impossible to
model the exact “thinking” process of each individual, the proposed model is
evaluated a natural and improved way of depicting pedestrian behavioral process
under the general forces of cognition to surroundings. And this cognition has been

integrated and represented as computational models of human behavior and
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empirically evaluated after simulating the crowd behavior.
7.2 Discussions

The models developed in this work may have limitations mainly in terms of data
quality. Individual data is the foundation for agent-based modeling of crowd
behaviors in this outdoor event, which means the more detailed the data, the better
the models. Quality of individual data is first represented with a classification of
pedestrians and agents. In MAPMODE, every individual is considered as similar
irrational pedestrian and has similar drives for behavior. However, individuals do
have differences due to their age, sex, nationality, ability and even in height and size.
These differences may result in differences of spatial cognition among different
individuals. The second limitation pertaining to data quality is about alternative
behaviors. Our models are based on the assumption of the main goal that crowds
have, while it is possible for pedestrians within the area to have second or third goal
except for that, or whose main goal is not to participate the event. Models will be
further improved if we have knowledge on the proportions of participants’ different
goals. The third data limitation arising from data concerns the source of information
which comes mostly from event managers with little or no feedbacks from the real
actors in such events, apart from ourselves who participated in the event. It is
difficult to collect and compile statistics for each or sample population because of the
large quantity and changing constitutes of each event. Feedbacks from participants
on such a crowd management platform and crowd behavioral models may improve

the efficiency and functions of this framework.

In addition, the case we have studied in this work is a typical outdoor event in urban
cities, yet with relative simple interactions as well. Just as presented in chapter four,
the recreational nature of a firework display dictates somewhat the crowd behavior
which is mild mannered and easier to represent. The main objective of participants in
this sort of event is clear and simplistic without much deviant behavior. The
simplistic nature of the case event makes models and simulations more satisfactory
because crowd behaviors are summarized and abstracted satisfactorily. However,
each outdoor event has special features due to its different motivations, and also
different types of crowds will appear in events. In the case of Hong Kong, different

outdoor events with different objectives may impulse the formations of crowds with
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different types, for example, pageants held several times once a year for celebrations
may attract exciting crowds, parades for protests may attract aggressive crowds, and
congresses with demonstrators may invoke violent participants. All these outdoor
events highlight the needs to manage crowds more effectively and efficiently. Given
the dynamics of crowds in different events, the parameters of MAPMODE must be

modifiable to accommodate variations.

Furthermore, models developed in this work adopt the MA approach and have been
evaluated as informative for crowd management in large-scale outdoor events by
comparing the simulated results with real situations. Since crowd behavior can be
modeled by various methods, a number of models can be employed to analyze and
simulate the pattern and process of crowd behavior. Although there are no existing
methods found applied in the case that we are studying on, models of crowd behavior
will be more comprehensive if contrasts and compares are made with different
methods. In addition, trajectories of pedestrian movement are ignored in this
simulated platform. Finding out the regularities of crowd behavior from simulation

results will provide improved knowledge on pedestrian movement.

This work offers a starting point to look into crowd behavior and crowd management
with individuals in mind and from a spatio-temporal perspective. It also brings about
theoretical and technical issues needing considerations and explorations for future

researches.
7.3 Suggestions and Future Work
7.3.1 Collection of Pedestrian Information

Agent based modeling approach is driven by individual data sources, thereby rich
individual data with good quality must be addressed to improve our models beyond
what we have done here and in related work. So, it is very important to collect
concrete individual information of pedestrian behavior as detail as possible. As
pedestrian behavior is very complex that extends beyond the physical to the social
and psychological, motivations, perceptions, personal attributes, and socio-economic
status are all central to the decisions to engage in movement. This complexity raises

issues for the number and type of data that should be included in future studies.
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Demographic data are relatively easy to acquire and analyze, however, they are only
one of many factors in walking behavior. Psychological and social factors are crucial
to understanding behavior yet they are very difficult to monitor and evaluate
objectivity. As a result, few studies try to understand the psychological and
sociological reasons for walking behavior and are limited to quantifying the amount
of walking behavior in various environments, controlling for different demographic
status. As in stated in Craig et al.(2002), “research on physical activity and the
physical environment is at the correlates stages, so it is premature to establish causal

effects.” These limitations point toward possible paths of future research.

As human behavior varies with personal attributes, it is also important to study the
different behavioral dynamics for each type of pedestrians. It is worthy of collections
of different behavioral information by distinguishing males or females, elders or
youngers, nationalities, cultural differences, disabilities, or others. More detailed
information make crowd behavioral models suitable for real-life. Due to these
differences, it is suggested to try to notice and collect components of populations in
outdoor events. It will be significant to acknowledge what types and how many types
of pedestrian participate within the event. For example, for the firework display, we
have already caught the information that family members and adults are the main
members in the event, except for a few children and rarely old persons. But what is
the general percentage of the whole crowds? If information on compositions are got
held, MAPMODE will be further improved. Each type of events may have their
different composing modules which may also vary with the discrete time, like,
weekday or weekend, summer or winter. However, it is a long-term and persistent

but essential task for future research if an efficient crowd management is necessary.

Methods for capturing pedestrian behavior are also necessary to study for future
work. There have been many methods used to collect the information on pedestrian
behavior, like photographs, taking videos, statistics, surveys and etc. Any of these
methods will facilitate for capturing human movement, while it will be better to
combine multiple ways for measuring behavioral dynamics. In recent years, there
have also been two categories of surveying pedestrian behavior used in researches.
They are surveys focused on walking as physical activity and surveys focused on

walking as mode of transportation. Trip-based or activity-based diaries are the most
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frequently used method of capturing transportation-related walking behavior, even
though they are usually primarily collected for the purpose of describing and
forecasting automobile travel demand. The details (such as origins, destinations, and
local land use characteristics) of pedestrian trips are lost when the data are
aggregated to a traffic analysis zone, the spatial unit of most travel demand
forecasting. Respondents are more likely to forget to record short trips in the diaries.
These audit tools are inadequate for studies on pedestrian movement specifically
interested in the outdoor event. Questionnaires are another type of methods for
capturing pedestrian behavior, while it is arduous to make it in short period and with
thousands of hundreds of people. How to do the questionnaires will be another issue
for future work. Interviews also become useful for understanding pedestrian behavior.
There has already been a study conducted for the Surface Transportation Policy
Project which adopted the approach of phone interview to assess the perceptions of
human behavior. However, this study has not compared the perceptions recorded in
the interviews with actual walking behavior. With the development of technologies,
CCTVs, GPSs, airphotos or event remote sensing images will detect crowd
information in outdoor events. How to trace and analyze the information will also be

the issue of future work.
7.3.2 Improving Models Applicable for Different Types of Outdoor Events

When agent-based models have been compared to empirical data, they have often
been applied to case studies. A problem with case studies is that they are not
genuinely replicable events, although role-playing games can sometimes capture
their major elements. Like mentioned in limitations, this work has now constrained
within only one type of outdoor event, MAPMODE need to be improved for
different types of outdoor events, which can be made by enhancing the behavioral
rules set for different types of pedestrians. Thus, more cases with different nature
should be explored and analyzed to find the generalized crowd dynamics.
Computational models provide simulations and suggestions for scenarios, while field
observations are equally important for crowd management. They will inform and
improve one another over several iterative cycles. Relatively simple laboratory
situations can be constructed to involve groups of people to interact in idealized

environments, according to easily stated behavioral rules. Experiments can bridge the
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often-noted gap between computational models and group behavior, because the
assumptions underlying the experiments can be tailored to correspond almost exactly
to the assumptions of the computational models. Thus the models can be aptly

applied without sacrificing the concision of their explanatory accounts.
7.3.3 Full Geo-collaboration for Crowd Management

Managing crowds in large-scale outdoor events is a process of geo-collaboration. As
proposed in conceptual framework, there will be five environment included within
geo-collaborative crowd management. Technologies as the foundation are evolving
rapidly everyday and will support geo-collaboration without doubt. User
environment as the external communicator of information is indispensable for
management. Data, visualization and interface are the most important concerns to
achieve geo-collaboration. As we have discussed the future works on data, especially
the pedestrian behavioral information, geo-collaborative visualization and geo-
collaborative interface design give the possible directions for future works. Both of
these two directions will have common issue on the design of human-computer
interface (HCI). It is inevitable for crowd management if full geo-collaboration will

be implemented.

New technologies has now made it possible for everyone to have access to pedestrian
modeling information using different devices, such as large and high-resolution
displays that can enable same-place collaborative work, and smaller and lighter
devices that generate or use geo-referenced information anywhere and that are linked
to wireless communications. But the ways users interact with such geographic
information can be multiform. A substantial amount of research has been conducted
in the general area of HCI, providing an initial foundation for understanding how
humans interact with geospatial information. Although the new technologies pose an
initial hurdle for users of geospatial applications, the fundamental challenge is how
to support human interaction with the geospatial information itself. Although the
HCI community has begun to examine the effectiveness of information visualization
methods and tools, most studies have centered on information displays rather than on
mechanisms for interacting with them (Chen and Yu, 2000). HCI problems results in
two issues of how to present information to groups and how to design interfaces to

facilitate group work. Open issues include appropriate interface metaphors and

190

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.com



support for multi modal interaction. For example, Face-to-face communication relies
on gestures and facial expressions. Some researchers believe that realistic avatars
facilitate more open communications among participants (Oviatt and Cohen, 2000).
HCI will be a big challenge for really moving crowd management towards geo-
collaboration and become the most important for future work on geo-collaboratively

managing crowds in large-scale outdoor events.
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APPENDIX:

Roads With Names in TST
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