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Abstract: Human movement in a crowd can be considered as complex
and unpredictable, and accordingly large scale video observation studies
based on a conceptual behaviour framework were used to characterise
individual movements and behaviours. The conceptual behaviours were
Free Movement (Moving Through and Move-Stop-Move), Same Direction
Movement (Queuing and Competitive) and Opposite Direction Movement
(Avoiding and Passing Through). Movement in crowds was modelled and
simulated using an agent-based method using the gaming software Dark
BASIC Professional. The agents (individuals) were given parameters of
personal objective, visual perception, speed of movement, personal space
and avoidance angle or distance within different crowd densities. Two
case studies including a multi-mode transportation system layout and a
bottleneck / non-bottleneck evacuation are presented.
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1 Introduction

A crowd can be defined as a situation where humans flock together like
other aggregations of animals (e.g. herds of cattle and schools of fish) or
material (e.g. fluid and particle flow) (Henein et al. 2007). At times of
stress or panic such as in an emergency evacuation individual decision-
taking may be abandoned and the crowd reacts as a single organism. A
crowd can also be defined as a large group of individuals in the same
physical environment and sharing a common goal (Musse et al. 1997). An



example here would be large numbers of people trying to enter or leave a
sports stadium. Finally, there are many crowded places including for
example train stations and shopping malls where the individuals each have
their own objective but their behaviour is modified by the presence of
others. It is this latter situation which is the focus for the work reported
here. The work has its origins in the AUNT-SUE (Accessibility and User
Needs — Sustainable Urban Environments) research programme (Marshall
et al., 2009). This was a large Engineering and Physical Sciences Research
Council (EPSRC) funded programme concerned with inclusive design in
urban transport environments. i.e. there was a focus on older people and
people with disabilities, which has been carried on into this work.

2 Literature Survey

Many researchers have published work related to human movement and
behaviour in crowds where the focus is more on the emergency evacuation
situation. The emphasis is to avoid the occurrence of dangerous crowd
phenomena (e.g. arising from fire hazards, accidents, earthquakes etc.), to
reduce the numbers of people injured or killed should it occur and to
improve the environment for the crowd in terms of the quality of the
facilities, signage and communications. The crowd dynamics research by
Still (2000) is a typical example of this area.

Crowd modelling and simulation research involves developing a model
to represent the crowd or individuals in a crowd. Based on the developed
model, the crowd or individuals in the crowd are simulated in a virtual
environment. In general, crowd modelling and simulation is based on
mathematical equations or sets or rules representing different situations or
conditions of the crowd or individuals in the crowd. However, most of the
models are a simplification since the movement of the crowd or
individuals is considered to be very diverse and complex.

There are several reviews of crowd modelling and simulation research.
For example, Zheng et al. (2009) reviewed seven types of crowd models
for evacuation from buildings, classifying them into selected features (the
approaches, individual/groups, scale, space and time, situations and typical
phenomena applied to the model) in order to differentiate the models.
Papadimitriou et al., (2009) reviewed several crowd models related to
pedestrian behaviour in urban areas. The crowd models were reviewed
based on two aspects; firstly pedestrian movement and route choice and
secondly pedestrian crossing behaviour. Olenick and Carpenter (2003)
reviewed computer models related to fire and smoke as an update to
previous work conducted by Friedman (1992). Although the review was



not specifically related to the crowd issue, most of the selected models
were applied in crowd modelling and simulation research. Four modelling
methods (Cellular Automata, Social Force, Lattice Gas and Agent-based
models) are briefly discussed here.

Cellular Automata (CA) are discrete dynamic systems that model
complex behaviour based on simple, local rules animating cells in a
lattice. CA models have been used in various complex systems including
physics, biology and traffic modelling. The cell objects in the CA are
located in a regular grid where each cell has its own state. The number of
state possibilities is typically finite and the simplest example has the two
possibilities of 1 and 0 (can be referred as “on” and “off” or “alive” and
“dead”). Each cell has a neighbourhood that can be defined in a number of
ways. The initial state is selected by assigning a state for each cell. A new
state of each cell is created according to some fixed rule such as a
mathematical function. The updating process in CA exhibits similar
behaviour to biological reproduction and evolution. Schadschneider
(2002) modelled each particle (human) walking directions in a 3 x 3
matrix of preferences that contain the probabilities of the movement. The
central element describes the probability for the particle not to move at all.
The remaining 8 correspond to a move to the neighbouring cells. The
matrix of preferences contains information about the preferred walking
direction and speed. The walking direction and speed can be different
from cell to cell depending on the geometry and aim of the pedestrians. In
crowd research, CA have been applied in various problem domains
including the study of exit dynamics of occupant evacuation (Daoliang et
al., 2006) and the exit dynamics of pedestrians in a room (Perez et al.,
2002). CAs have also been applied to study the effect of obstacles by
simulating the evacuation process from a room with and without obstacles
and to simulate bi-directional pedestrian movement (Fang et al., 2003).
According to Teknomo (2002), a CA model is simple to develop and fast
in updating the data. However, the heuristic approach in updating the rules
is undesirable since a CA model does not reflect the real behaviour of
humans. The inherent grid of cells of a CA model can also make the
behaviour of the human seem visually rough and gives the impression that
the human is jumping from one cell to another.

A lattice gas model is a series of Cellular Automata models used to
simulate fluid flows. As in cellular automaton, the lattice gas model
comprises a lattice where the sites on the lattice (the intersection points of
the lattice) can take a certain number of different states. In this model, the
various states refer to the particles with certain velocities. The lattice gas
model has been applied in various problems such as random pedestrian



flow in channels through bottlenecks (Tajima et al., 2001), simulating
crowd flow in a hall (Tajima at al., 2001), simulating pedestrian flow in a
T-shaped channel (Tajima and Nagatani, 2002), simulating counter flow in
a channel (Nagai at al., 2005) and simulating the evacuation process from
a classroom (Helbing at al., 2003). Lattice gas models have also been
combined with other approaches to investigate the evacuation process. For
example, a multi-grid model (lattice gas concept) with the force concept of
a social force model to simulate interaction forces among the pedestrian
(Zhang at al., 2008).

The social force model was proposed by Helbing and Molnar (1995) as
a pedestrian motion model and Mehran at al. (2009) produced a
generalised model. In this model, due to individualistic goals or
environmental constraints, each human has a mass and changes velocity as
a result of a force. The force consists of a personal desire force and an
interaction force. The personal desire force refers to the desired direction
and velocity that humans have when seeking certain goals and destinations
in the environment. However, the crowd limits individual movement and
the actual velocity differs from the desired velocity. The interaction force
consists of the repulsive and attraction forces between humans based on a
psychological tendency to keep a social distance (personal space) and an
environment force to avoid hitting walls, buildings and other obstacles.
The social force model has also been applied in many areas of research.
Seyfried at al. (2006) applied a social force model to simulate pedestrian
dynamics and qualitatively analyse the influence of various approaches for
the interaction between the pedestrians on the resulting velocity-density
relationship. The social force model has also been applied in other crowd
research such as crowd monitoring (Mehran at al., 2009) to observe public
areas using image processing analysis.

Agent-based modelling (ABM) is a computational simulation method
based on computer-driven agents. According to Schieritz and Milling
(2003) there is no universally accepted definition of ABM especially on
the kind of properties an object has if it deserves to be called an ‘agent’
including pro- and re-activeness, spatial awareness, ability to learn, social
ability, intellect, etc. In crowd research, the agents are the human entities
modelled in the virtual environment. The agents are represented by an
identifiable unit of computer program code which is autonomous and goal-
directed. Autonomous refers to the capability of an agent to perform
independent action while goal-directed refers to autonomous action that is
directed towards the achievement of defined tasks. In general, the agents
are designed with different characteristics at the individual level. When
the simulation is performed, the global behaviour emerges as a result of



many (tens, hundreds, thousands, etc.) individuals, each following its own
behaviour rules and interacting with each other and with their
environment. ABM is associated with a programming technique called
object-oriented programming. ABM has been applied to various problem
domains. For example Augustijn-Beckers at al. (2010) applied ABM to
simulate the effects of pre-evacuation behaviour and exit choice strategies.
The agents were divided into three categories (or behaviours) known as
Officers, Leavers and Followers. The officers were modelled as trained
emergency personal with the main behaviour of clearing the building by
moving to leavers or followers who have not yet started the evacuation
process to prompt them to evacuate. Leavers represent people that can
evacuate on their own with the main behaviour of the ability to make an
exit choice. Lastly, the followers represent people that do not evacuate
independently but have to evacuate with either a “leaver” or “officer”. Pan
et al. (2006) applied ABM to simulate the social behaviour of humans
during emergency situations. The simulation model was categorised into
three levels that consisted of different rules; the individual, the interactions
among individuals and the group and the environment. The three levels
developed in the research were the examination of crowd behaviour from
the perspectives of human decision-making and social interaction. The
simulation was able to simulate social behaviours such as competitive,
queuing and herding behaviours. Schelhorn at al. (1999) applied ABM to
simulate and predict pedestrian behaviour in urban centres. The agents
were developed based on two broad characteristics; socio-economic and
behavioural. The socio-economic characteristic refers to the income and
gender of the agent. Both characteristics were used to create the activity
for the agent such as the sequence of locations which the agents intend to
visit in the town centre. On the other hand, the behavioural characteristic
refers to detailed behaviour of the agents including the speed, visual range
and agents’ focus to follow the scheduled activity.

This paper discusses crowd modelling and simulation based on sets of
rules or an agent-based approach using gaming software called
DarkBASIC Professional (DBPro). The focus is on the movement and
behaviour of individual humans in normal crowded situations (where no
panic situation is involved) and the interactions between individuals is in
localized areas. An emphasis is placed on gaining knowledge of some of
the characteristics of human movement and behaviour in the real world so
that these can be modelled in the virtual environment.



3. Video Observation Studies

The video observational method is widely applied in ergonomics and
image processing research. In ergonomics research, video observational
methods have been preferred over self-reporting because it offers better
validity and reliability (Pehkonen et al. 2009). The method has been
widely applied to observe whole body movement such as assessing the
load in low back, shoulders and lower extremities. According to Dempsey
et al. (2005) and Pascual et al. (2008) although there is still no universal
method to observe all kinds of jobs, a wide variation of observational
methods have been applied in ergonomics research.

One of the prominent characteristics of systematic observation is the
use of a predefined list of behavioural codes that have been developed for
particular observational studies. The coding schemes were the instruments
of measurement for observational research where the behaviours were
specified based on the research objective (Noldus et al. 2000). Besides
developing predefined lists of behavioural codes that reflected specific
needs, there are many examples of behavioural codes developed to assist
observational studies such as Rapid Upper Limb Assessment (RULA)
(McAtamney et al. 1993), Rapid Entire Body Assessment (REBA)
(Hignett et al. 2000), Ovako Working Posture Analysis System (OWAS)
and Quick Exposure Check (QEC) (David et al. 2008).

The video observational method provides an opportunity to observe
some unpredictable or natural movement and behaviour of humans,
although the issues of privacy and security require serious consideration.
In this research, the video observational method was applied as an input to
analysing human movement and behaviour in crowded areas from the real
world. Figure 1 shows an overview of the steps taken to understand and
analyse human movement and behaviour from the recorded video. The
video observational method starts with recording the crowd at the selected
location and time. The recorded video was viewed once to get an overview
of the crowd location to reflect on the research objective.
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Figure 1 The observational flow

Subsequently, conceptual behaviours were developed to assist the
observation process. The conceptual behaviours are a set of behaviour
rules or codes that have been developed based on the major human
movements of free, opposite and same direction. The conceptual
behaviour set becomes the reference document to be referred to in order to
avoid any confusion or exclusion of any humans during the analysis
process. The analysis process is the last step taken in the process where the
observational supporting software and observational database is applied
for that purpose. Video recordings were made on a weekday and on a
weekend at three different times of the day. A total of 18,946 individuals
were observed (and their behavior subsequently analysed) — see table 1.

Table 1 Video observational subjects
Number of subjects
Recording session
Weekend Weekday

Morning (7:30 am — 8:30 1,152 3,020

am)

Afternoon (12:00 pm —

1:00 pm) 3,402 4,182
Evening (5:00 pm — 6:00 3,254 3,036

pm)
Total subjects 7,808 11,138

Grand Total Subjects 18,946




In this research, part of a transportation area called Stesen Sentral
Kuala Lumpur as shown in Figure 2 was selected as the video recording
location. Stesen Sentral Kuala Lumpur is the largest transportation hub or
transfer station in Malaysia integrating all major transportation networks
including trains, buses and taxis services from Kuala Lumpur to other
areas in Malaysia.

e o —

Figure 2 Stesen Sentral, Kuala Lumpur

The transfer station has special characteristics to be considered for
crowd modelling and simulation such as differences in activities, time
pressure and movement patterns (Daamen et al. 2002). The activities refer
to different types of activities that might arise at the transfer station such
as waiting for other people, buying tickets, shopping and others. Time
pressure refers to conditions where there is a possibility to observe people
either hurrying to catch the public transport (such as train or bus) and in
more relaxed situations. It is in the nature of transfer station that
movement patterns of the crowd are based on arrivals/departures
determined by the public transportation timetable.

4. Conceptual Behaviours and Analysis

Conceptual behaviours are a set of behaviours rules or codes that was
developed to assist the observational analysis from the recorded video.
The conceptual behaviours were developed based on observing the
physical movement of individual humans in crowded areas (without any
contact or direct communication) and the understanding of human
movement and behaviour.

The process starts with defining the focus subject for the research
which is the individual person in a crowd. Each individual person in a



crowd will be observed and the focus is on the movements that are
performed known as free, same and opposite direction movement.

Free movement is considered as the basic human movement from one
point to another point of interest. In free movement, a person is considered
to have enough space to move without facing any obstacle or constraint
during the movement. There are two types of behaviours that can occur
during free movement; Moving Through and Move-Stop-Move behaviour.
Moving Through is behaviour where the person just moves through the
observation area without any specific concern. The only difference that
can be observed between people is the speed of movement. Move-Stop-
Move is the behaviour where people have to stop a few seconds or a few
minutes to perform some other related task during movement such as
buying a ticket, using a mobile phone, waiting for someone or looking for
information.

Same direction movement consists of Queuing and Competitive
behaviour. The Queuing and Competitive behaviours can easily be
observed when people enter or exit a door. Queuing behavior is the
manifestation of self-organizing where individual people create a line to
enter or exit the door. On the other hand, in competitive behaviour people
have less consideration for each other and each individual tries to enter or
exit the door as quickly as possible.

Opposite direction refers to the condition where a person meets another
person travelling in the opposite direction, for example when moving
along a pathway. Upon meeting each other during the movement there are
two possible behaviours that can occur; Avoiding and Passing Through.
Avoiding refers to the behaviour where a person gives way to other people
or performs an avoidance route. On the other hand, Passing Through refers
to the behaviour where people do not consider others or their surroundings
during the movement. The major concern is to reach the targeted area
within the planned route.

In conceptual behaviours, human movement was considered as a
scenario to acquire the human behaviour or behaviour pattern. The idea of
having behaviour patterns from movement scenarios was based on
scenario building that has been developed in product design. Scenario
building is a tool for exploration, prototyping and communication at an
early stage of the product design process.

The scenario is defined as a set of users, a context and a set of tasks that
users perform or want to perform (Fulton Suri et al. 2000). Thus, the
conceptual behaviour is a foundation for what is going to be observed and
analysed so that better insight into human behaviour can be achieved



whilst avoiding any confusion during the observation process due to the
large volume of movement and behaviour within the recorded video.

Each frame of the six hours of video was viewed for 30 seconds using
the observational supporting software. Thirty seconds of video frame was
considered as a manageable time for analysis whilst avoiding any
confusion. Each individual in the 30 seconds of video frame was observed
manually one by one to classify the types of behaviour performed by the
individual and an observational database constructed. The observed
behaviours are summarised in table 2.

Table 2 Human behaviour based on movement of subjects
People
Behaviour Poe I(;j;:a DV;/sigt])i Adults | Others | TOTAL
lities
Free Direction Movement
Moving Through 268 15 15,192 | 388 15,863
Move-Stop-Move 71 1 1,770 87 1,929
Same Direction Movement
Queuing behaviour 1 0 162 1 164
Competitive behaviour 2 0 98 1 101
Opposite Direction Movement
Avoiding Behaviour 13 0 588 8 609
Passing Through Behaviour 14 0 248 18 280
TOTAL 369 16 18,058 | 503 18,946

5. Agent-Based Modelling

The agent-based modelling is a bottom up computational model that
simulates individuals as ‘agents’ within the virtual environment. In this
research the individual agent was developed using gaming software,
DarkBASIC Professional (DBPro) software. Figure 3 shows the adult




entity in 3D design. There are six different parameters established for each
entity.

Figure 3 Adult entity in 3D design (Wai Loon, 2011)

The parameters were the factors affecting human movement and
behaviour observed during the video observation study. The parameters
play important roles in developing different types of simulation that utilize
different movement scenarios in the real world. The parameters are
personal objective, visual perception, speed of movement, personal space,
crowd density and avoidance angle or distance.

5.1 Personal Objective

Personal objective refers to the goal that a person has during movement
and can be observed from physical appearance. For example, people move
around with luggage or backpacks, looking for information, buying tickets
at ticket machines and other activities. The personal objective is the main
reason that determines human decision making and behaviour during
movement in a crowd.

In the virtual environment, the personal objective is represented by the
command Position Object and Al Entity Go to Position. The Position
Object command defines the initial position for each entity in the virtual
environment before the entities perform any movement. The entities move
towards the selected location using the Al Entity Go to Position command.
The personal objective parameter in the virtual environment is shown as
the red path in Figure 4. In this research, the personal objective parameters



(the Position Object and Al Entity Go to Position command) are applied to
develop the selected movements as shown in the case study simulations.

Figure 4 Personal Objective parameter in the virtual environment

5.2 Visual Perception

Visual perception refers to the ability of humans to process and interpret
information from the surrounding environment through their visual
system. According to Ondrej et al. (2010), humans rely on visual
perception during movement for collision-free navigation especially in
crowded areas with numerous obstacles.
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Figure 5 Personal Space and Visual Perception parameter in the virtual
environment

The Visual Perception parameter in the virtual environment is
represented by the view arc and the view range as shown in Figure 5. The
view arc is the angle at which the entities can see their surroundings. In
DarkBASIC the value of the view arc is in the range 1 to 360 degrees and
is defined by the Al Set Entity View Arc command. The view range is the
distance the entities can see from the current location and is defined by the
Al Set Entity View Range command. The entities in the virtual
environment are able to see anything that appears within the view range
and the view angle.

5.3 Speed of Movement

Speed of movement refers to the walking speed of humans, classified into
slow, average, fast and extra fast. According to Syed Shazali (2010), a
slow speed can be observed when humans have limited physical ability,
such as older people walking with a cane. Average speed of movement
can be observed when people are walking alone without obstruction or
distraction on a level walking pathway. Jogging slowly or overtaking
others from a tailgating state is an example of fast speed of movement and
the extra fast speed of movement can be observed when people fast jog or
run.

The Speed of Movement in the virtual environment is represented by
the command Al Set Entity Speed. The command sets the movement speed
of the entity in DarkBASIC units per second (unit pixels). Based on the



Wai Loon (2011), the 1 unit pixel (DarkBASIC unit) is equal to 5 cm in
the real world. The value was used in the source code to determine the
speed of movement of the virtual humans along with the work from
Shirish (2001) and Teknomo (2002).

The adult entity is set to be 24 unit pixels per second or 1.2 m/s speed
of movement. The view arc is set between 160 to 210 degrees with the
view range of 40 pixels or 2 m. The adult entity is displayed blue. The
older entity is set to have 16 unit pixels per second or 0.8 m/s speed of
movement. The view arc is set between 140 to 190 degrees with the view
range of 20 unit pixels or 1 m and is displayed red.

5.4 Personal Space

Personal space refers to the invisible surroundings or territory around
people. Personal space is considered as a social condition that affects
communication or contact between humans. Personal space is divided into
four categories known as the Intimate, Personal, Social Consultative and
Public Zones based on the distance between humans within public spaces
(Syed Shazali, 2010).

The Personal Space in the virtual environment is represented by the Al
Set Radius command. The command sets the global radius that is used by
all entities in the virtual environment. The command controls how much
space is allowed between obstacles and the waypoints that define
movement around the entities. Since the entities use the waypoints to
navigate around the virtual environment, the entities will attempt to
maintain at least the Al Set Radius distance from all obstacles. The
Personal Space parameter was illustrated previously in Figure 5.

5.5 Crowd Density

Crowd density refers to the number of people per square meter for
stationary or moving crowds. Human speed of movement is decreased
when the crowd density is increased especially during peak periods.

The crowd density was designed at three levels namely low, medium
and high as shown in Table 3.



Table 3 Definition of crowd densities

Type of Crowd Definition of the Crowd
Low Density 30 entities within a 30 m x 30 m area
Medium

) 60 entities within a 30 m x 30 m area
Density

High Density 90 entities within a 30 m x 30 m area

5.6 Avoidance Angle or Distance

Avoidance is an action performed by people so as not to collide with other
people or obstacles. Avoidance occurs when people avoid other people
travelling in the opposite direction or when overtaking others travelling in
the same direction. Avoidance Angle or Distance refers to the situation
where the entities in the virtual environment avoid each other during the
movement.

In this research, the Avoidance Angle or Distance is based on the
DarkAl effect from the movement as shown in Figure 6. The Avoidance
Angle or Distance is represented by the green areas in the figure. The
Avoidance Angle or Distance is also affected by other parameters such as
Visual Perception and Personal Space. When the floor area becomes more
crowded (increased number of entities), the avoidance behaviour is
observed to occur many times.



Figure 6 Avoidance Angle or Distance parameter in the virtual
environment

6. Case Study Simulation
6.1 Comparing Different Design Layouts

Two different layouts were developed to represent the multi-mode
transportation system as shown in Figure 7. The layout consisted of a
ticket machine, waiting area, information centre, big screen, showcase
area and stalls. The layouts were developed based on the observation area
at Stesen Sentral, Kuala Lumpur (as shown in Figure 2) with some
modification on the arrangement of the stall and showcase area.

In Layout 1 the arrangement of the stalls was in two rows where the
middle of the stalls created a limited space for people to move around
while the showcase area iwas arranged in two rows. On the other hand, in
Layout 2 the stalls were arranged in four locations while the showcase
area was arranged as a single row. The simulation was conducted to
compare the effect of different layouts on the movement of people in the
multi-mode transportation system.
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Figure 7 Different layouts for a multi-mode transportation system
simulation

6.2 Evacuation at Bottleneck and Non-bottleneck Layouts

The simulation for evacuation at bottleneck and non-bottleneck layouts is
shown in Figure 8. The simulation was conducted to understand the effects
of bottleneck and non-bottleneck layouts on evacuation space. Ninety
adult entities were randomly allocated to initial positions within the two
layouts. All entities were required to move towards the exit door marked
by the red circle in the figure. During the simulation, the evacuation time
for each entity was recorded and the results of the evacuation time from
the bottleneck and non-bottleneck layouts were compared.



(a) Bottleneck layout

(b) Non-bottleneck layout
Figure 8 Evacuation of entities in bottleneck and non-bottleneck layout

7. Simulation Results and Discussions

For Layout 1, the first and last entities arriving at the movement objective
moved with an average speed of 0.97 m/s and 0.53 m/s respectively. For
Layout 2, the first and last entities arrived at the movement objective with
average speeds of 0.86 m/s and 0.60 m/s respectively. The results in
Figure 9 show that the entities move slightly faster in Layout 1 compared
to Layout 2.
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Figure 9 Comparison between Layout 1 and Layout 2 for a multi-mode
transportation system simulation

The results indicate that the movement of entities in Layout 2 resulted
in more avoidance behaviour compared to the movement of entities in
Layout 1. Although a bottleneck area appeared in Layout 1 (the area
between the stalls), the bottleneck area was observed to support the
rearrangement of the entities’ movement. Therefore, the entities were
observed to follow more structured movement after avoiding each other
compared to Layout 2. In Layout 2, more time was available for the
entities to avoid each other.

The results show that the simulation is useful in visualizing different
possible layouts of facilities or buildings before real construction or
modification is undertaken. The simulation can save time and cost in
examining new ideas for improvement or innovation in layout design. The
simulation software is also able to predict the effect of different layouts on
human movement and behaviour in the crowd. The factors affecting
human movement and behaviour obtained from the simulation are useful
as an input for crowd research. The simulation also can be used to confirm
the crowd observation conducted from the real world.

For bottleneck and non-bottleneck layout evacuation, the simulation
results (Figure 10) show that the total evacuation time with the bottleneck
layout is higher compared to total evacuation time for the non-bottleneck
layout. Although the fastest entities evacuate from both layouts in 10
seconds, entities in the bottleneck layout needed a total of 51 seconds to
evacuate from the area while only 36 seconds was needed to evacuate the



non-bottleneck layout. Additionally, the linear regression line indicates
that entities evacuate in a more structured manner from the non-bottleneck
layout when compared to evacuation from the bottleneck layout.
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Figure 10 Evacuation time from bottleneck and non-bottleneck layout

The results show that the simulation is useful in providing information
on crowd evacuation for crowd safety. The simulation conducted for
example indicates that a non-bottleneck layout provides a safer
environment in terms of human movement in crowded areas. The
simulation is also useful to predict how humans evacuate if there is only
one exit door available for the evacuation process. The simulation can also
be enhanced in the future by providing other obstacles in the design such
as furniture (tables, chairs, etc.) to examine the effect of interior design or
arrangement on human movement and behaviour during evacuation.

8. Conclusions

An extensive activity of video observation was conducted with nearly
19,000 individual human movements and behaviours being analysed using
six hours of video recording. The analysis of the data indicated that human
movement can be divided into three major patterns known as free,
opposite and same direction. From observation of the three patterns of
movement it was possible to derive six different types of behaviour known
as Moving Through, Move-Stop-Move, Queuing, Competitive, Avoiding
and Passing Through, Queuing and Competitive.



Six factors were identified as affecting human movement and
behaviour based on the video observational analysis and these were
Personal Objective, Visual Perception, Speed of Movement, Personal
Space, Crowd Density and Avoiding Angle or Distance. The factors can
be considered as being interrelated with each other.

Human movement and behaviour in crowded areas is difficult to
understand or identify by only analysing recorded video material using
simple observation. In this research, Conceptual Behaviours were
developed to assist in the process of capturing and analysing human
movement and behaviour from the recorded video. At the same time as
Conceptual Behaviours formed the basis of the analysis, observational
support software was used and an observational database was developed to
support the analysis process. Observational support software offers a
method to analyse the recorded video frame-by-frame and in slow motion
with the ability to play back the video. The observational database keeps
the analysis data in a structured form for further reference and analysis.
The use of the framework is considered tedious as it takes a long time to
analyse the recorded video. However, it offered advantages in
understanding ‘real’ human movement and behaviour and provided
considerable insight for this research and any future research.

The simplified human movement and behaviour model (in the real
world) was applied to develop the software design model. The software
design model is a process to represent or convert human movement and
behaviour from the real world to the virtual environment. The
development process was modified from the observation and analysis
process (modified from the analysis sequence in the real world). Instead of
focusing on the movement, behaviour and factors, human movement and
behaviour in the virtual environment were modelled based on the sequence
of factors, movements and behaviours with selected case studies. The
simulation of human movement and behaviour was based on the Agent-
based modelling (ABM) approach. ABM uses an object-oriented method
where different types of characteristic of (heterogeneous) entities in virtual
environment can be modelled. Besides the ability to simulate
heterogeneous entities, ABM can be applied in developing simulation at
the microscopic scale where detailed analysis of human movement and
behaviour can be considered and measured. ABM is also capable of
simulating both normal and emergency situations. DarkBASIC
Professional gaming software was selected to simulate human movement
and behaviour in the virtual environment as it had artificial intelligence
commands to support the movement of entities in the virtual crowd.



The effectiveness and usefulness of the simulation software was
observed through the simulation of the building design consisting of multi-
mode transportation system, bottleneck and non-bottleneck layouts. The
simulation software was considered to be beneficial in visualizing
different possible layouts in the virtual environment before real
construction or modification is conducted in the real world. The method is
considered efficient in saving time and cost while providing solutions to
produce more idea innovation for building design development. The
simulation is also potentially useful for the crowd safety applications such
as traffic control and prediction of emergency situations.
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