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ABSTRACT
ELIYAN, LUBNA, FAYEZ, Masters: January: 2017, Masters of Science in Computing
Title: Modeling Family Behaviors in Crowd Simulation
Supervisor of Thesis: Mohammad, Saleh, Saleh.

Modeling human behavior for a general situation is difficult, if not impossible. Crowd
simulation represents one of the approaches most commonly used to model such
behavior. It is mainly concerned with modeling the different human structures
incorporated in a crowd. These structures could comprise individuals, groups, friends,
and families. Various instances of these structures and their corresponding behaviors are
modeled to predict crowd responses under certain circumstances and to subsequently
improve event management, facility and emergency planning.

Most currently existing modeled behaviors are concerned with depicting individuals as
autonomous agents or groups of agents in certain environments. This research focuses on
providing structural and state-based behavioral models for the concept of a family
incorporated in the crowd. The structural model defines parents, teenagers, children, and
elderly as members of the family. It also draws on the associated interrelationships and
the rules that govern them. The behavioral model of the family encompasses a number of
behavioral models associated with the triggering of certain well-known activities that
correspond to the family’s situation. For instance, in normal cases, a family member(s)
may be hungry, bored, or tired, may need a restroom, etc. In an emergency case, a family
may experience the loss of a family member(s), the need to assist in safe evacuation, etc.
Activities that such cases trigger include splitting, joining, carrying children, looking for
family member(s), or waiting for them. The proposed family model is implemented on
top of the RVO2 library that is using agent-based approach in crowd simulation.
Simulation case studies are developed to answer research questions related to various

family evacuation approaches in emergency situations.
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CHAPTER 1: INTRODUCTION

1.1. Motivation

Human behavior can be defined as the way an individual reacts toward other people,
society, or objects. Such reaction could be considered normal or abnormal based on the
norms of the society to which the individual belongs. Moreover, the reaction of
individual results from the various factors that make individuals behave differently from
one other. Some of these are individual distinctions, including physical, intellectual,
personal, and emotional differences. However, these could also indicate environmental
influences, such as differences in terms of the geographical factors that affect the way in
which an individual talks and dresses, as well as differences in the social environment
that surrounds the individual; psychological and physical disabilities; and finally,
dissimilarities in family patterns, which could include the size and structure of the family
as well as their economic and social stature. In addition to the differences in family
patterns, the family itself plays an important role in shaping the individual’s personality.
Each family has its own unique “culture,” by which the way a family member is thinking,
feeling, judging, and acting is defined [1][2].

A better understanding of human behavior and the diverse factors that influence it
helps in providing a model for it. Such model can be used in experimental scenarios to
analyze the behavior of humans under certain circumstances. Then, based on the analyzed
behavior, a prediction can be obtained about how humans would behave under similar
scenarios if happen in real life. These scenarios could be relatively ordinary in nature, or

emergency. Relatively ordinary scenarios could include public events, gatherings,



festivals, concerts, or football matches that needs arrangements of layouts and items. On
the other hand, emergency scenarios are related to the events that trigger an evacuation
process of the area due to existence of danger stimuli as fire, bomb or natural disaster.
Modeling human behavior for a general situation is difficult, if not impossible [3].
Crowd simulation [4] represents one of the most commonly used approaches to simulate
human behaviors. It has attracted a great deal of attention recently in normal and
emergency contexts due to the increasing number of people [5]. In the context of
simulating human behavior, crowd simulation is concerned with simulating the
movement of a large mass of people gathered in certain social settings based on a model.
Then, some solutions can be found to common problems related to people behavior,
based on the simulated model. These solutions could subsequently improve facility and
emergency planning, along with event management based on certain settings in different
applications. These applications of crowd simulation can be seen in varied contexts. For
example, in public event planning, there is a need to test the evacuation process of a large
number of people with a minimum number of casualties within a fairly short period of
time [6]. In comparison, with facility planning of buildings such as malls or airports,
there is a need to test the evacuation capability and accordingly designate the number of
exists and their locations, which may not only aid in emergency situations, but encourage
a smooth and safe flow of movement in normal situations as well [7][8][9]. Other
applications of the crowd simulation can be seen in designing aircrafts to have a safe
disembarking process of passengers [10], infectious diseases spread [11], emergency
evacuation due to a bomb explosion [12] or during concerts’ venues [13], airports

evacuation [14], and other different uses as confrontation operations [15].



Modeling human behavior in crowd simulation implies that some influences that
affect the human behavior should be considered. These influences include physical,
social and psychological factors. Physical factors mainly involve the movement of
humans and the effects these may have on the crowd’s overall progress. These physical
factors include speed, position, and appearance of the human being simulated. Social
factors on the other hand, include family relations, culture, and religion, which are
usually based on social theories and observations in social studies research. Finally,
psychological factors consist of the different emotions that represent the state of the
human mind in certain situations [16].

In emergency situations, human behavior is affected by additional factors that may
influence the decision-making process, some of which include experience, environment
familiarity, and collision avoidance [16][17]. Moreover, in emergency situations, humans
may lose their judgment ability due to the high influence of psychological factors such as
fear and panic; therefore, they tend to follow the majority of the people, which results in

forming herd behavior [18].



1.2.  Problem Statement

The modeling of human behavior in crowd simulation should aim to be as realistic as
possible. This is necessary for the better prediction of behavior if similar situations
occurred in real events. Moreover, the modeling of human behavior should consider the
different human structures that a crowd incorporates. These structures include
individuals, groups, friends, and families. Most existing modeled behaviors are concerned
with individuals as autonomous agents or groups of agents being simulated in a certain
environment. Such modeling includes the decision-making, motion, and path-planning
processes of these agents.

Nevertheless, there are few attempts to model family behavior by considering the
family as a basic social unit that constitutes part of a crowd, hence; there is a need for
further work in this area [1]. Considering families in this sense makes crowd simulation
more realistic, hence, it would result in better predictions. Such a family model should
consider specific behaviors and structures of the family that are modeled differently for
primitive group or individual models. For instance, there exist strong relations between
family members, causing decisions and behaviors to be biased towards maintaining
family coherence and unity. This is not essentially the case in group modeling.

As for the structure of the family, there is always a need for a leader who holds
certain special responsibilities. For example, ensuring family unity in the different
situations that the family might be experiencing is one of these responsibilities. In such a
structure, different types of family members, including children, the elderly, teens,

leaders members, are closely associated. Some of these members need special treatment



or attention from the family, which most likely affects the behavioral model of the family
and, in some cases, its structure as well.

This research work proposes a model that describes family behavior and its associated
activities in both normal and emergency situations. Such model considers some behavior-
related activities of families in terms of splitting, joining, carrying children, and family
members waiting or looking for each other. The behavioral model is based on a leader-
follower approach [19]. In this approach, the leader of the family carries the
responsibility of maintaining its unity as this is the main psychological constraint of this
model. In emergency situations, other special concerns related to family aspects are
considered. This includes cases where the family is having children along with the role of
the parents in evacuating quickly. Furthermore, the model considers cases in which the
family members have been split up prior to the emergency as well as the role of the
leader in ensuring a safe evacuation while simultaneously maintaining the family’s unity.
1.3. Research Objectives
The main objectives of the present research are

e To provide a model that describes family behavior at family-related events
during normal and emergency situations;

e To provide an implementation of the model on the top of a crowd simulation
library;

e To study family behavior in different contexts in order to predict its effects if

similar situations occurred in real life;



e To contribute to the field of crowd simulation by providing a model for use in

further investigations of family behavior in different contexts.

These objectives are achieved through the different stages of this research work as the
subsequent chapters indicate.
1.4. Research Questions
The present research is sought to answer the following research questions:
RQ1: Does family behavior affect the crowd evacuation process in emergency
situations?

e The aim is to investigate whether family-associated behaviors affect the

overall crowd evacuation process.

RQ2: What is the effect of adopting common behavior by families on the evacuation
process?

e The aim is to investigate the effect of commonly adopted behavior on the

evacuation process. Such behavior is based on social and psychological

theories.

RQ3: Does family disunity affect the family evacuation process in emergency situations?
e The aim is to investigate the effect of decisions made when family members

are apart on the family evacuation process.

RQ4: Is it advisable for the family to split during an emergency situation?
e The aim is to investigate whether a family’s splitting into groups of smaller

sizes or individuals would affect the family evacuation process.



RQ5: How does increasing the number of exits within a certain layout affect the
evacuation process?
e The aim is to study the effect of introducing additional exits to the layout of a

certain event on the evacuation process.

RQ6: Does the family split affect its members’ satisfaction level during a public event?
e The aim is to study the effect of splitting the family into smaller groups, with
each one navigating independently during the event, on the members’

satisfaction level.

1.5. Research Methodology

The different stages of the research were focused on determining the answers to the
research questions. The first stage was a review of the literature, which addressed current
work on modeling the behavior of agents and groups in crowd simulations. Next, was the
design of a model that describes family behavior, taking into consideration some
contributions from multidisciplinary research, and the conducting of surveys about
adopted family behaviors in certain situations. The relevant research areas included the
social sciences (to examine how groups of people act in relationships with each other),
human psychology (which involved behavioral and mental processes such as reasoning,
decision-making, and perception), and human physiology (to consider relevant physical
and biochemical functions). On the other hand, the surveys conducted provided insights
into some behaviors that families adopt in certain situations. At the fourth stage of the
present research, the model was implemented on the top of a crowd simulation library,
for which a simultaneous interaction is carried between the behavioral model and the

7



crowd simulation library. Afterwards, the model was set to simulate a set of case studies
under certain conditions. These case studies were intended to analyze how family
behavior would affect different measured criteria, such as evacuation processes and

family members’ levels of satisfaction, in order to answer the research questions.

1.6. Thesis Outline

The remainder of this thesis is organized as follows: Chapter 2 presents the
background and literature review. These include a discussion of the different modeling
approaches used in crowd simulation, the behaviors considered, and the decision-making
processes. The proposed model to describe family behavior and the decision-making
process are discussed in detail in chapter 3. The model was used to consider different
case studies related to family behavior in normal and emergency scenarios. Chapter 4
discusses these experiments in detail. Finally, in chapter 5, the conclusion of the research,

together with some insights regarding future research, are discussed.



CHAPTER 2: BACKGROUND AND RELATED WORK

This chapter discusses different aspects related to modeling in crowd simulation.

2.1. Crowd Simulation Approaches

Crowd simulation represents one of the most commonly used ways to model and
simulate human behavior [4]. Approaches that have been proposed in crowd simulation
can be categorized into two main groups: macroscopic- and microscopic-based
approaches. Macroscopic-based approaches treat crowds as a whole without considering
a single entity and its associated behavior under study. They consider crowds as a
homogeneous collection of individuals in which their differences in physical abilities,
movements, and actions are not considered, which lacks realism in some contexts [20].
This category includes the regression [21] and fluid-dynamic models [22]. The
microscopic model, on the other hand, studies and treats crowd behavior as a result of a
self-organization process [7]. Thus, each individual in the crowd is considered an
autonomous agent that has associated decision-making processes, actions, behaviors,
specific features, and interactions with other agents in the crowd. In microscopic-based
approaches, the three main models are traditionally cellular automata (CA) [23], social
force model (SFM) [24], and agent-based model [25]. CA approach models individuals’
movement in discrete time and space being represented by cells that are continuously
interacting. SFM, on the other hand, assumes individuals to be passive particles being
governed by a collection of forces. Finally, the agent-based approach assumes each agent

to be an individual entity that behaves autonomously.



The subsequent subsections discuss the different microscopic-based approaches of crowd
simulation.
2.1.1. Cellular Automata Approach

Cellular automata models simulate crowd environments with a grid of different cells,
where agents can move between the cells based on different cell states. The states of the
cell are its occupancy conditions, being either free, occupied by an obstacle, or occupied
by an individual. Based on these states, the agent can move from a current cell to a
neighboring cell only if the neighboring cell is unoccupied. The states of the cells are
updated simultaneously in discrete timeframes defined in the simulation parameters
[1]1[20][26][27].

CA models are well suited to large-scale simulations. This is because they are based
on a simple approach of movement [28] as well as having a low computational
complexity [29]. Nevertheless, they lack realism [29][30], for a number of reasons. One
of these is the fact they restrict the agent’s motion to grid-based movement [31], which
negates the reality of dynamic crowd environments. Moreover, in such modeling
approach, the effect of congestion and interaction between the agents can be
underestimated [29] due to the restricted motion of the agent. This, in turn, creates
difficulty in modeling the different velocities of moving agents and simulating
heterogeneous crowd behavior [27][30]. And the third is the inability of the individuals
within the crowd to make independent decisions about their movement. CA is the most

frequently used model for crowd modeling in games [27].
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2.1.2. Social Force Model Approach

The social force model (SFM), where crowds are modeled based on a particle system,
was proposed in 1995 by Helbing [24]. In this model, different agents in the crowd
behave as homogeneous and physically identical, passive particles. In 2000, Helbing
extended his model [32] to model human behavior in panic scenarios. Here, the behavior
of such particles is governed by a collection of socio-psychological and physical forces,
in order to describe a collective panic behavior in a crowd. The socio-psychological
forces govern the agent’s movement such that it keeps a certain distance from other
agents and obstacles within the area. The physical forces maintain the agent’s movement
toward a certain goal through the use of repulsive and attractive forces that adjust the
agent’s velocity within a certain time period.

Musse et al.[33] extend the Helbing model further, and introduces individual-level
differences in the crowds, rather than just having homogeneous particles. This is the first
work to aim at a generalization of the Helbing model. It is achieved through enabling
agents to behave individually based on their own attributes, which are represented as
different levels of altruism. Moreover, the work discussed in [33] is used to model groups
in crowd simulation. In this research, the agents behave based on the group structure they
belong to, while also considering their individual-level attributes.

SFM is generally used to describe the collective behavior of crowds in panic
situations [32]. For example, it can be used to model arching or clogging around exits in

emergency situations as shown in Figure 1.
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Figure 1: Arching phenomena

This is because the socio-psychological forces reflect the agent’s intention to avoid
colliding with other agents or obstacles, while physical forces reflect the movement of
such crowds under certain circumstances. An example is a situation when crowd density
becomes so high that individuals are forced to collide. Here the physical forces can
reflect pushing or leaning behavior between agents, which affects the evacuation process
[34][35]. Moreover, the simulation process of SFM is continuous; thus, individuals can
move continuously in a two-dimensional environment. This enables modeling of realistic
crowd phenomena during evacuation processes such as herding behavior and mass
queuing to be reflected.

However, SFM does not consider decision-making, which is viewed as a limit of this
modeling approach. Therefore some subtleties of individual behaviors, such as walking in

pairs, stopping, and changing heading direction cannot be captured in this type of model

[1][36].
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2.1.3. Agent Based Approach

The third approach in the microscopic group is the agent-based one, where
individuals are modeled as intelligent agents with perception and decision-making
capabilities. This modeling approach was initiated first by Reynolds in [25], where the
flocking behavior of birds and fish schools are modeled using individuals’ local rules and
perception skills. In the flocking behavioral model, the birds maintain a balance between
two desires: to stay close to the flock and to avoid a collision with it. Later, in 1999,
Reynolds extended his work in [37] to include steering behaviors at the individual level,
to model more natural autonomous behavior.

Since Reynolds’ original work, various researchers have aimed at extending his work
in [37] to model more complex and realistic behaviors. The work discussed in [38] builds
on the simulation of flocking behavior to model agents’ speed adjustment, and introduces
mechanisms that make the movement of a group’s members more coherent.

In some crowd simulation applications, agent-based approaches are well suited for
modeling heterogeneous crowds and complex human behaviors [39]. This is because of
their flexibility and ability to model intelligent autonomous agents, where each agent can
be assigned different attributes to reflect heterogeneous crowds. Moreover, these agents
have the ability to perceive their surroundings, make decisions in response to the
situation, and behave based on a set of defined internal rules [31][39][40]. However,
despite the strengths of the multi-agent approach, it still lacks realism in modeling human
behavior. This is due to a number of reasons, two of which are as follows. The first is that
this approach is based on mathematical equations, though human behavior is a complex

phenomenon that is difficult to capture in this way. Hence, some research provides
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models that are based on considerations of psychological and physiological theories.
Nevertheless, these models do not consider all the underlying psychological and
physiological elements behind human behavior, which means the behavior lacks realism
[41]. The second reason is that there are difficulties in modeling certain aspects of human
behavior, as it is challenging to model an agent intelligent enough to have human-like
decision-making abilities [42].
2.2.  Human Decision Making

An earlier well-known decision making model is Belief-Desire-Intention (BDI) [43].
Complex realistic reasoning are considered in this model that was best implemented by
[44] according to [45]. Beliefs represent the information the agent has about the world,
which may not be true and may change in the future, depending on the agent’s
perception. Desires are the states which the agent would like to bring about. Intentions
represent desires which the agent is committed to fulfilling. In this model, the mental
state of the agent before making a decision is governed by its beliefs, desires, and
intentions.

Researchers have extended this model to suit modeling needs in specific contexts. For
example, in [27] some additional attributes of the agents are considered, such as sensors,
social forces, and the ability to interact with other agents Figure 2 shows the extended

BDI model by [27]
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Figure 2: Extended BDI model

Then, the works in [3][12][46] use the extended version of the BDI framework
proposed by [27] to model human behavior in response to an emergency event. An
example is modeling human behavior in response to a terrorist bombing, as discussed in
[12] and [46]. Zhao et al.[47] extended the BDI model by defining the confidence state
that affects the agent’s operation, such that its confidence reflects its optimism about
achieving a certain intention. Being confident implies that it will continue to execute the
current plan. Not being confident, on the other hand, implies that the agent will
reevaluate its intentions.

Unlike using the BDI approach in modeling the role of reasoning and learning in
human behavior, other works use the recognition-primed decision (RPD) model [48] to
simulate the major cognitive and physical processes humans go through. The RPD model
describes the high-level process of how humans make decisions based on recognition of

the situation as well as past experiences. Once the recognition is formed, a matching of
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past experiences is made in order to decide on the action to be taken.

Some research models agents based on this RPD model. Luo et al.[16] models the
decision process of agents based on RPD model [48] as well as appraisal theory [49]. The
RPD model is used for the agents’ decision-making processes while the appraisal theory
is used for describing agents’ emotional states. Since the RPD model describes the
decision-making process of the agents at a high level, some additions to it are needed.
The work in [8] considers a detailed representation of the experience-matching and the
execution along with mechanisms for situation assessment.

For less complex reasoning regarding the behavior that agents should adopt, Sun et
al.[50] model the decision-making of agents using the concept of a “smart environment”.
In such an environment, the agents are provided with the most appropriate behaviors to
execute based on the consideration of certain attributes, which they have. These attributes
include the agents’ current locations, the level of urgency, the area affected by the
emergency, and the agents’ positions in the affected area. The agents then select
behaviors to execute based on their physiological and psychological attributes through a
rule-based system. Therefore, the agents do not need to perform any decision-making or
complex reasoning about what behavior to adopt.

2.3.  Modeling Behavior in Crowd Simulation

Hempe et al.[51] adopts the multi-agent approach proposed by Reynolds [37] to
provide a real-time crowd simulation prototype. This prototype is intended to model
agents’ cognitive behavior. Such cognitive behavior includes an agent’s ability to

communicate with other agents, find and plan paths, and respond to its own desires, such
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as drinking, eating, etc.

Other approaches for modeling cognitive behavior have been developed by other
researchers. The work in [20] models agents based on considerations of psychophysical
and physiological studies. The psychophysical considerations include parameters as
perception and velocity adjustment, while the physiological include achieving different
goals. Psychophysical and psychological considerations have been considered by other
researches as well. For example, Jun et al.[18] considers energy consumption, based on
the level of physical activity along with an agent’s psychological endurance capacity
while avoiding jams in the crowd.

In emergency situations, researchers considered other behaviors related to the agents.
For instance, Giitsidis et al.[10] models agent’s ability to determine the closest exit in
emergency evacuation in the form of the disembarking of an aircraft. Von Sivers et
al.[52] model agents tendency to help each other or coordinate with each other during
evacuation. They consider Self-Categorization Theory (SCT) [53] and Social Identity
Theory (SIT) [54] in their work to model such social behaviors.

EvacSim [55] is another model that is concerned with modeling behaviors in
emergency situation. Mainly, it models agent’s responses to the different cues perceived
from the physical environment and its interaction with other agents while considering the
severity of the situation. Exodus [56] and SIMULEX [57][58] model multiple behaviors
related to the emergency situation as queuing, congestion, and overtaking. In addition to
that, these tools consider different abilities of the agent as evacuating from the nearest
exits in buildings as well as agents’ interactions with each other.

The effect of emotions and fear to model panic during emergency situations is studied
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by Jafer et al.[59] who modeled the panic of agents as adopting a random behavior during
emergency situation. That behavior results in the agent moving in a random direction
with double speed value compared to normal situation. The emotions effect during
emergency situations is also considered by Bosse et al.[60]. In their work, emotions as
fear affect beliefs and intentions of the agent and cause it to take protective actions such
as covering ears, head and eyes or social actions like comforting other agents. On the
other hand, Saunier et al.[61] investigated the effect of agent’s beliefs together with other
factors on its emotions. These factors are the agent’s perception of the environment;
event’s effect on the agent’s internal state; and the effect of the other agents’ emotions on
the agent. Based on the triggered emotion, the corresponding control action can be taken
by the agent in response to the occurred event. Another research study [14] models how
agents affect each other in terms of emotional and fear levels based on their interactions
in emergencies. The study also considers panic as a random chance of forgetting the
locations of exits during emergencies.

Besides modeling agents as individuals, modeling a group’s behavior is considered an
important step toward creating a more realistic crowd simulation. This is considered a
challenging problem due to the heterogeneous nature of human behavior [33].

Studies show that the presence of social groups such as families or friend groups
affects the collective behavior of a crowd [62][63][64]. For instance, family members
who come to an event together tend to stay with each other and orient their actions and
movements toward each other. These movements could be side by side, in a line-form
that is perpendicular to the movement direction in case of low density crowds, or in V-

shape in high density crowds [65]. In occasions, where family members get separated
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during the event, they tend to reunite before leaving [62]. Consensus decisions made by
the family produces special actions that collectively affects the neighboring crowd and
propagates to eventually reflect on the state of the whole event. [63].

Kamphuis et al.[66] uses SFM to model groups as a coherent unit in their movement,
through the use of different forces. Such movement can be maintained by planning the
path for a single agent, followed by constructing a virtual corridor around it that all the
group’s members need to stay inside. Similarly, the works discussed in [65] and [67] use
the SFM to model coherent movement of group’s members. That is achieved by exerting
different repulsive and attractive forces by the group’s members on each other.

The work presented in [68] adopts SFM together with leader-follower approaches to
model the coherent movement of groups. It considers situations where the coherence is
lost and how the group re-establishes it by waiting for the nonfollowing members. The
same work is extended in [69] to include movement in sub-groups towards the leader.
However, both studies did not consider behavioral related aspects of the group members
or decision making processes.

The coherent movement of groups as a unit was modeled in [70] as well. It is done by
reimagining the original flocking behavioral model proposed by Reynolds in [37] as a
kind of constraint flocking behavior being a leader-follower model. In such model, the
leader decides about the motion of the group’s members while being followed by the rest
of the members. The leader-follower group’s modeling is also considered in [71], where
sociological effects between groups and in individual relations are considered. They give
group members the ability to switch their group based on certain sociological factors.

Also, the researchers give every group member the ability to become a leader of a new
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group. However, their work does not consider situations such as panic cases and their
corresponding groups’ behavior. In addition, the model does not tackle situations where a
group’s plan can be changed in normal scenarios represented by a change of goals.

Other works considered different types of interactions between members of the same
group as in [72]. In such work, different movement behaviors result from these
interactions, including leader—follower, VV-shaped, or line—abreast movements.

Ren et al.[73] introduce a generalized approach to simulate different types of group
formations as leader-follower, crosswalks, or switching between groups. This is achieved
through defining a relation matrix that sets the relation between an agent and its
neighbors. Such relation defines the distance the agent needs to maintain in order to stay
within a group as well as the number of following members of that agent. Based on these
attributes a certain group formation is set. However, the work does not consider high
level behaviors or activities for which the group members could have split, joined back,
or performed other interactions.

To preserve group unity and the performance of different activities, Park et al.[74]
consider the coordination between a groups’ members in order to include the leader—
follower, divide—proceed, and divide-wait activates. It is based on the common ground
theory [75][76] where the different groups can coordinate between themselves to decide
what actions to take. Later, the same work presented in [74] was extended in [77] to be
based on multi-agent approach for coordination strategy. In this work, the agent considers
different aspects related to its group members, such as spatial and temporal conditions, in
order to select its own micro-coordination strategy and apply it. This is based also on the

common ground theory. However, both works did not add an element of altruism related
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to modeling groups such as families, and also stochastically triggered some behavior,
making it not very realistic. For example, an agent would suddenly go to a restroom or be
drawn into a shop, causing it to add a new sub-goal.

Other considerations related to groups are considered by researchers. For example,
Sochman et al.[78] models recognition between members of the same group. This is
based on the concept of using different forces, that is, repulsive and attractive forces, to
allow agents that know each other to find each other and then form a group. However,
this works only for cases where agents do not move or are standing next to each other.
Qiu et al.[79] considers other aspect of groups where it gives the agent the ability to leave
its group and join others. It uses utility theory [80] and social comparison theory [81] in a
multi-agent system, giving the agent the ability to behave adaptively in a changing
environment. The agent selects one of the group’s members to follow based on the
matching characteristics between them.

The principle of coherence between family members appears in emergency situations
as kin behavior, where family members tend to gather, backtrack, and wait for each other
before evacuating in order to support and help each other. Not being able to be with
family members during such emergency situations might lead to a particular type of panic
that causes dysfunctional behavior. That panic stems from the threat of the loss of loved
ones, not from the danger itself, and this, in turn, affects the evacuation process. In some
cases, people who had been in a building with their relatives re-enter it after their first
escape to look for missing family members [64][82][83][84]. Studies such as [65][85]
claimed that the behaviors adopted by people who belong to families increase their

evacuation time and therefore the probability to save their own lives is less. In their
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studies, they found that these behaviors affect the evacuation process of the other
pedestrians that compose the crowd. This is due to the movement of family members as
coherent units that could block movement of the other pedestrians, or in some cases due
to their movement in an opposite direction to the flowing stream of pedestrians in order
to gather or rescue the rest of the family members.

Several researchers applied social science finding in simulating crowed with groups
in emergency situations and reported their findings. Pelechano et al.[86] modeled agents
with the ability to explore and develop a cognitive map of an unknown building to find
their way to exits during an evacuation. The work models knowledge-sharing between
agents who belong to the same group, considered as inter-agent communication. While,
Okaya et al.[87] considered social relationships between members of the same group
using the BDI framework [43]. Based on the different beliefs, desires and intentions
while considering relationship factor of an agent; different behaviors are adopted. These
behaviors are restricted to evacuate immediately, look for a lost family member, or
evacuate with the rest of the family. Ling et al.[88] defined the social relationships by a
minimum group separation distance and a group-seeking attribute that determines the
level of visibility of group members to each other. During emergency situations,
members of the same group with close relationships approach each other causing delays
in their evacuation time. A similar work in [89] models behaviors related to group
members as approaching each other or looking for a lost member during emergency
situations. The social relationships between members of the same group are also explored
in [90] using virtual potential energies concept. The members of the same group need to

stay within a conferral zone for which they are considered to be able to communicate and

22



approach each to evacuate in emergencies. To keep group members coherent while
performing other family related behaviors, Tsai et al.[14] modeled family members
based on leader-follower approach. The work considers behaviors related to families as
looking for a lost member or approaching each other during emergency situations. While,
Kyznansky et al.[91] considered other behaviors of families such as carrying children and
maintaining family cohesion in emergency situations.

The present research is based on modeling the family as a special type of group in a
crowd simulation. The family-type group model is comprehensive and considers multiple
family behaviors at the same time. When modeling groups in crowd simulations, many
researchers are concerned with producing coherent movement at the reactive motion
planning level. However, it is necessary to consider different interactions between group
members at the social, physiological, and psychological levels to produce more realistic
behavior.

The present model includes these considerations regarding interactions between
family members and reflects their movement. Moreover, it considers the physiological
and psychological aspects at the member level to represent certain intentions that are not
stochastically generated as was the case in some models. States that trigger a family
member to take certain actions represent these intentions. Yet these states are not reveled
immediately. This is because one’s membership in a family implies that other members’
states should also be considered to preserve the overall family behavior.

To reveal the family members’ states, this work structures the family based on a
leader-follower approach that considers both movement and decision-making. The

movement is applied through the dynamic reactive motion approach in an agent-based
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crowd simulation library, while the decision-making is applied through the concept of
making consensus decisions at the family level. To make a decision in order to reveal
different states by the family, each member shares his/her intentions about taking a
certain action, while the family leader makes the final decision.

The model is goal-oriented: Family members have various goals to achieve during
family gatherings. These are not static (unlike those which other models consider); rather,
they can be alerted/cancelled or new goals could be inserted. Such dynamic updating of
goals depends on the situation that the family member or family is experiencing and the
states of the family members.

This model does not require complex reasoning and decision-making processes, yet it
preserves the concept of the family in terms of structure and behavior. Moreover, the
model is abstracted and independent of the reactive motion planning that simulation
engines govern. Hence, it is a lightweight model. It models a family in a crowd and
reflects its dynamic reaction to different situations. Moreover, since it is a state-driven
model, different states can be added/removed as needed in a well-defined approach to be
included in the model. These states can be verified and validated easily. The

specifications and the detailed design of this model are discussed in chapter 3.
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CHAPTER 3: SYSTEM MODEL

The present work is concerned with studying family behavior and its effects in
different contexts in order to predict behavior in similar real-life situations. It is achieved
by developing a model that considers the family concept in a crowd simulation
environment under certain conditions.

In this chapter, the proposed model of the family concept is discussed in detail.
Section 3.1 presents an overview of the system model, while section 3.2 discusses the
model design in detail. That includes the family’s representation, its structure and
constraints. Moreover, the section discusses the decision making process at the family
level, followed by the resultant behavioral models family adopts. Finally, the
implementation and verification of the designed model is presented in section 3.3.

3.1. Model Overview

Modeling the concept of a family requires modeling family members as agents of
different age categories being adults, teenagers, children, and elderlies of both genders
and their corresponding roles. Each member of the family has the ability to select his or
her own goals to reach during the event. These goals may be altered or increased based
on situations the member encounters during the event, or new needs to be satisfied. These
encountered situations may appear as emergency situations where the family needs to act
in critical situations, such as evacuating an event due to the occurrence of fire, or having
to look for lost family members. On the other hand, the needs that an individual member
might experience include the need to go to a restroom, sit on a chair due for being tired,

satisfy hunger, or alleviate boredom. Due to encounters with such situations and new
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needs, a family’s initial plan on arrival may be altered. The plan changes based on a
decision making mechanism at the family level in order to satisfy the different members’
needs and act based on the current situation. New updates to the plan result in other
behaviors the family takes, such as splitting into smaller sub-families, waiting at a certain
spot, joining with other sub-families, evacuating the event, and looking for lost members,
based on the situation the family is experiencing at that point of time.

The family concept is enriched by having a leader with certain responsibilities, and
introducing the main constraint of the concept of family unity. According to [62] while in
an event families and friends tend to stay together, such as arriving and leaving the event
together. If they are separated, they are most likely to try to reunite. In this model, the
unity concept implies that the family should be always kept as a unit; whenever there are
nonfollowing/lost members or the family splits into smaller sub-families, the family
should return and reunite. Family unity is maintained by the family leader, who is
assigned several responsibilities. These responsibilities include checking continuously
that all of the members are following or are in range of sight. Nonfollowing members
would necessitate certain decisions by the leader, such as waiting in a visible location or
looking for the nonfollowing member. Another responsibility of the leader is making
considerations at the family level related to actions that follow the split behavior of the
family into smaller sub-families. This means that when the family needs to split, the
leader should plan the rejoining mechanism prior to the split in order to conform to the
unity constraint. Finally, the family leader is responsible for making different decisions at
the family level in order to satisfy members’ needs and act with respect to the current

situation. Such decisions may include changing the initial plan the family set on the
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arrival to the event, changing the family structure through splitting the family for
different purposes that include satisfying members’ needs, or looking for nonfollowing
family members.

In the case of an evacuation situation, special family concerns arise considering the
family with children and elderlies and the role of parents. A fast evacuation process may
require carrying the children and assigning other responsibilities to family members.
Moreover, the role of the leader appears when considering a family that split prior to the
evacuation; the leader has the additional role in communicating with the other sub-
families in order to ensure that they evacuated safely in order to maintain the unity aspect
of the family.

3.2.  Family Modeling
This section discusses the family model along with its structure and associated decision
making processes

3.2.1. Family Model and Structure
The family f;, is modeled based on a number of parameters set FP such that:
FP = {A,FG,I,fs,ds}, where:
A: is a set of the autonomous agents a; that compose f;, which are the family members.
FG: is a list of goals of all a; in A that € f;, being ordered based on the shortest path
algorithm having the entrance to the event as the initial point. [: is the leader of f,that is
an a; being an adult or a teenager member. fs: is the current state of the family being
split to sub-families or not. ds: is the dominate state of f;, that represents the state that

most of the members have currently as tired, hungry, etc. The family structure has
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certain constraints that should be maintained in the family model that are; it should have
a leader all the time, and should have two or more members in order to compose a family.

The behavioral model of the family is based on a leader follower approach where
there is one leader assigned at a time, and the rest of the family members are followers
who follow the leader in their movement.

A) Member structural model

As discussed earlier, family f; is composed of a set of members A that are agents
which compose the crowd. The crowd is also composed of individuals who don’t belong
to families. Each a; € A has characteristics sets in order to mimic a human being. These
characteristics sets are Physical Characteristics set PC;, Individual Characteristics set IC;,
Event related Characteristics set EC;, and Activities related Characteristics set AC;. PC;
set describes the physical attributes of the agent, while IC; describes individual
differences between agents. For EC; set it describes characteristics of the agent that are
related to the event agent is attending whereas AC; set represents the different activities
the agent is doing. Each of these sets is discussed in details in the following subsections.

Figure 3 shows the overview model of the agent.
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Figure 3: Overview model of the agent

A) PC; set

PC; set is composed of moving velocity v; that includes speed and direction, current
position p; at a certain point of time, weight w; in kilograms, size consumed in the space
represented by a radius of a circle r;, heart rate at certain point of time hr;, energy level ¢;
the agent has at a certain point of time and memory m; that has the last seen facilities as
well as the last visited locations by the agent and danger signs.

The maximum speeds for which an agent is moving at changes based on the activity
being done by the agent, such that [92]:

Default moving speed = 1.8 m/s
Evacuation speed = 2.5m/s

Setting waiting standing speed = 0.0 m/s
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These speed values might vary overtime due to crowd density, avoiding obstacles,
and being closer to the goal to be reached. Additionally, the speed differs based on the
agent’s gender and age type being an adult, teenager, elderly or a child.

The position of the agent p; describes its location in the 2D plan of the system such
that:

p; = (x,y),x,y are coordinates
The weight of the agent w; is considered based on its age and gender [93] as shown in

Tables 1, 2 below, for males and females respectively.

Table 1: Males age-weight ranges

Males
Age (years) 14 512 12-20 20-60 60-70
Age category Child Child Teenager Adult Elderly

Weight (kilograms) 9-12 18-40  45-70  74-104 70-84

Table 2: Females age-weight ranges

Females
Age (years) 1-4 512 12-20 20-60 60-70
Age category Child Child Teenager Adult Elderly

Weight (kilograms) 9-15 18-41  46-58 58-82  60-70

For the heartrate value of the agent hr; it’s considered based on having an average
fitness level [94][95]. Such values are estimated based on age and gender of the agent
along with the activity being done as shown in Tables 3, 4 below for males and females

respectively.
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Table 3: Males age-heart rate ranges

Males
Age (years) 1-2 3-11  12-17 18-25 26-35 36-45 46-55 56-65 65+
Hear rate(bpm) 98-120 80-120 60-100 70-73 71-74 72-76 71-76 72-75 70-73

Table 4: Females age-heart rate ranges

Females
Age (years) 1-2 3-11 12-17 18-25 26-35 36-45 46-55 56-65 65+
Hear rate(bpm) 98-120 80-120 60-100 74-78 73-76 74-78 74-77 74-77 73-76

The energy level ¢; is consumed or replenished based on the different activities being
performed by the agent. Such activities include its movement being navigation in the
event or evacuating, resting on the chair or at restaurant, waiting for someone at certain
spot or communicating. In order to calculate the energy consumption ratio, Energy
expenditure (EE) equation is used that is obtained by [96] based on experimental studies
in a sports science journal. The equation considers some of the agent’s physical
characteristics as hr;, w; and individual characteristics as age ( age;) and gender

(gender;) as shown below for the energy expenditure per minute in Kkilo calories (kCal) :

EE = gender; x (—55.0969 + 0.6309 *x hr; + 0.1988 * w; + 0.2017 * age;)

+ (1 — gender;) * (—20.4022 + 0.4472 * hr; — 0.1263 * w;

+ 0.074 x x age;)
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The initial values of the energy level is set based on the amount of energy a human
being needs to survive which are 3000 Kcal for males, and 2200 Kcal for males and
females respectively [97].

Finally, the memory of the agent contains the Last Visited Locations (LVL) reached
by the agent together with the different facilities it has seen. These seen facilities are
updated dynamically to reflect the Last Seen Facilities (LSF) based on the time seen.

Additionally, the memory contains Danger Signs (DS) if seen by the agent as fire.

Figure 4 shows the memory structure of the agent in this model.

LVL LSF D5
LGCG RE‘SEG Chg TQ Eg SCI Fg

LGCi RESfi Ch-l T‘l Eg 51 F1

Loc,, Rest,, Ch, T, Ey Sn F,

Figure 4: Agent memory structure

Where, each item in the memory is composed of a name of the facility and the location,
for example:

Ch; is a chair,located in (X,y), coordinates
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B) IC; set

The IC; set on the other hand, includes characteristics that reflect individual
differences between agents as age in years age;, gender being male or female gender;,
and a set of interests that the agent has I;. The interests set /; is a four- dimensional
vector, where each dimension represents a certain interest type of a; at a certain context,
such that:

I = {pg, ps, Pc, Pp}, where E, S, G, D are interests at certain locations at the event

C) EC; set

The EC; set contains some characteristics of the agent that are related to the event
where the agent exits. These characteristics are the arrival time to the event at;, time
stayed so far at the event ts; in minutes. Additionally, EC; includes the agent’s list of
goals G; for which it intends to reach during the event. Such G; is a vector of goals that
are initially set based on the agent’s interests vector I;, and updated throughout the
navigation process of the agent as needed such that:

G; = {g: g is an (x,y) coordinates}

Furthermore, EC; set includes the number of goals achieved out of G; list
NOGAchieved;, along with the total number of goals NOG; reached by the agent either
being its own goals or the goals of other family members it have reached while
navigating with its family. Finally, EC; contains the perceived value by the agent pv;
that provides information about what it currently seen by the agent within in its range.

Such pv; of the agent, depends on its age as being an adult or teenager as well as on its
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type being a leader or a normal member. Adult and teenager agents are having a higher
view range compared to a child or an elderly person as well as the leader agent who is
having a higher attention compared to a normal member. Figure 5 shows an abstract

overview of the perceiving process by the agent.

if fire || announcement exist then
pv;=fire
else if a facilty, exists then
pv;= facilty,
If 3Afacilty, € m;then
Move facilty, totop of w type
else
Insert facilty, intom; in w type
end if
else
pv;=idle
end if

Figure 5: Perceiving process overview

The perceived value pv; of the agent is updated based on its current location along
with the different sings or facilities, or other agents it’s able to see or hear within its
range. The seen items that include fire, exists, signs of exits, restaurants, restrooms, and
chairs are inserted into the agent’s memory as may be used later. Perceived values that

are based on the hearing process are represented by announcements within a certain area

where the agent is located.
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D) AC; set

Finally, the AC; set represents the different activities the agent is having as, walking,
standing, waiting, setting or carrying a child.

B) Member behavioral model

The behavioral model of the agent is based on a goal oriented approach. This means
the movement of the agent is adjusted in the speed and direction in order to reach the
goal. Each agent needs to retrieve the next goal it needs to reach. Then, it needs to know
its current position and velocity in order to adjust them towards the goal location while
considering collision avoidance with the other agents and obstacles in the environment.

As the agent navigates into the environment in order to reach its goals; it obtains a
certain state s; that represents its current condition or a new need. Such state points
toward the ideal action that the agent may take in order to satisfy its new need if exists.
However, that need is not necessarily considered immediately, due to the family
membership, as the rest of the members’ needs should be considered as well to take a
certain action.

The state of the agent is depends on partial attributes of its PC;, IC; EC;
characteristics sets and hence, it is a function of these attributes:

s; = f(&;,age;, NOGAchieved;, NOG;, ts;, pv;)

Based on the different input attributes, one of several different possible states is
dominated. These states are normal, emergency, bored, tired, hungry, and need to use
restroom. The normal state of an agent reflects its normal condition where no emergency
situation is occurring as fire existence in the area where the agent exits. Moreover, in this
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state, the agent is having an acceptable energy level, and it is not feeling bored, hungry,
or in need of the restroom. Hence, the agent can pursue the current action being taken
without the need to make changes, unless it is affected by another member’s state, as will
be discussed later. The emergency state appears when the agent encounters a critical
situation like it sees a fire in the vicinity or hears an announcement that indicates a fire
existence, which prompts the need to evacuate the location. The bored state on the other
hand, is triggered in this model based on ts;value of the agent together with
NOGAchieved; within that spentts;. If the agent has stayed for some time without
achieving enough number of its initial goals, the agent would have a bored state, such
that:
NOGAchieved; < 3 goals && ts; > 20 miuets

The ideal action for the bored condition in this model is to go achieve some of the
previously determined goals.

The state of the agent becomes tired, when it has stayed for a long time in a certain
location and visited a lot of locations where its energy level is decreased to low value.
These factors are translated into the model, to trigger the tired state with low energy level
value, high duration spent in the event such that:

ts; > 30 miuets && ¢; < 1800 KCal

The ideal action of this state is to sit on the nearest chair. However, if the agent is a

child, his state would be that of being tired with the need to be carried. This child might

be carried by one of the family members if possible, and if having his age; < 5 years.
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Based on a conducted survey (refer to appendix), a human being usually feels hungry
when he has stayed for a long time in a certain location or hunger might be directly
triggered when he sees a nearby restaurant. In this model, these factors are reflected
through the agent’s attributes such that:

ts; € [40 — 90 | miuets || pv; = restaurant

The ideal action to be taken by the agent based on a hunger state is to go to the
nearest restaurant, or the last seen restaurant at the area. However, as has been discussed
earlier, other family’s members’ need should be considered before taking the ideal action
as will be discussed later in the decision making process of the family section.

Similarly, based on the conducted survey (refer to appendix) , a human being uses the
restroom if he has stayed in a location for quite long time or may visit the restroom if he
has seen one. In this model, the agent might become in need of the restroom depending
on the time the agent has stayed at the event and the perceived value of a nearby
restroom. Such that:

ts; € [40 — 90 | miuets || pv; = restroom

The overall all state generation process is shown in Figure 6

37



if pv, = fire || announcement then
5; = emergency
else if NOGAchieved, < GAT && ts, = BT then
5; =bored
else if ts, = TT && £, < LET then
If a,ischild then

5; = cary me

else
s; = tired
end if
else if ts, = RT || (pv, == restaurnat || pv, == restrrom) then
s; = random probability based of pv, value
else
5; = normal
end if

Figure 6: State generation process of agent

Where, GAT is the number of goals being achieved within time threshold BT for the
bored state. While TT is the time threshold for an agent to be tired, while having energy less
than Low Energy Threshold (LET). Finally, RT is the time threshold for which the agent
would be hungry or in a need for the restroom.

Each of the states of the family members is input to the decision making process by
the family to decide about the action to be taken at the family level.

Initially, once the family f;, arrives to the event, each member in the set A selects a
number of goals G; to be reached based on his/her interests vector I; as was discussed
earlier at the agent model section. Then, the family leader orders and checks the different
desires of each member and tries to satisfy them, through visiting the different goals

sequentially based on the shortest path order from the initial positon of the family which
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is event’s entrance. Having the entrance as the initial point, the leader then selects the
nearest goal from the family goals list FG. Then, after approaching that goal, if no
updates occurred on the family’s state or its members’ conditions; then the family
processed to the next nearest goal with respect to the current location that is the reached
goal.
3.2.2. Decision Making and Family Behavioral Models

In this section, the decision making process at the family level along with the

behavioral models taken by the family are discussed.

A) Decision making process

According to [62], families and friends tend to move with each other as a unit. The
family needs to maintain unity constantly during its movement towards its different
goals. This is achieved by each family member being a leader or a follower and through
perceiving the environment. If the member is a leader, besides seeing the surrounding
facilities in its current location, it needs also to ensure that all of its family members are
following it. This is achieved through checking if all the followers are within a certain
range around it. On the other hand, a follower needs to keep track of its leader’s position,
and tries to approach it as fast as possible. If one or more of the family members are not
following the leader, the leader will have certain considerations that will affect the
decision making process of the leader. This in turn, affects the whole family’s actions and
the initial plan it set on arrival to the event. Leader decision making is affected
additionally by the different states of each family member that are considered when

making a decision about the next action to be taken by the family, as discussed below.
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Figure 7 shows the abstracted decision making process of the leader, along with the

resultant behavioral models in the different stages.

Stage selection Sub-stage selection

ey
Change plan

on single
/ statr;g
Satisfy needs
\ Perform split
Join sub-
Decision // families
Function Ensure unity < S
e ——— \\\ Look for lost
member
Immediate
Address | | svacuation |
emergency \\,—..

Delayed
evacuation

Figure 7: Decision making process

Such decision making process is centralized with family’s leader, in order to allow
the rest of the family members to make less effort compared to individuals not part of the
group, as suggested by the Social Loafing Theory [98]. This implies that some group
members make the decisions (leaders, in this model), while the rest of the members
follow the leader. Some other aspects the leader considers in the decision making process
include whether the family state was split into sub-families earlier or not and the number
of possible leaders in the family. The possible leaders are other family members who are

of the adult or teenage category who could become leaders of sub-families if needed.
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The algorithm of the decision function is described in Figure 8.

input: S,:s;, of eacha, € Aof f,
if 3se 5, such that s = emergency then
if f,. is split up then
for f, i = [ do
Communicate with all sub-families (delay)
Inform about intend to evacuate
end for
Evacuate independently, maintain family unity
else
Evacuate, maintain family unity
end if
else if a € A such that a is not following [,
Perform lost member procedure
else if it’s a joining time with subfamilies then
Proceed tothe JP,
if all sub-families are seen then
Join sub-families
else
Wait for rest of subfamilies
else evaluate ds,
if ds, is netnormal then
if family split is feasible then
Perform split procedure
else
Change plan based on a single state
end if
end if
end if
if 3s €5, such that s = carry me then
Pedform “carry me”™ procedure

end if

Figure 8: Decision making algorithm
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Based on the considered aspects, various possible behavioral actions can be taken by
the family. These behavioral actions are mainly categorized into three classes, from the
simplest to the more complex: satisfying family needs, ensuring unity, and addressing
emergency situations. Satisfying family needs basically means making changes to the
current family plan in order to satisfy the members’ needs based on their current states.
Such changes might involve a family split into smaller sub-families depends on the
situation. On the other hand, the family unity concept is about how the family behaves
when it’s the time to join with other sub-family(s) or when it has a nonfollowing member.
In case of having a nonfollowing member, the family will first wait for it for some time,
then if not found, the family will follow a look-up procedure based on the age category of
the lost agent. Having the nonfollowing member a child or an elderly member, it will be
considered more critically, and it might involve a family split or join. Finally, the
emergency situation involves evacuation of the location, which might also involve
possible splits and joins, communication between family members, and carrying children.
Each of these behavioral models will be discussed in detail below in the next sections.

B) Change of plan behavioral model

A change of plan may result when the family needs to change what it is currently
doing due to certain conditions or to satisfy the needs of its members. Two possible
mechanisms that represent plan change decisions taken by the family leader; involving
the whole family in a certain action or having the family members split into a number of

smaller sub-families so that each sub-family can pursue a different action.
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As an initial step in the decision making of the leader in the normal scenario where
there is no emergency situation, the leader considers the state s; of each family member.
Then, the leader tries to find a dominant state,ds;, where most of the members’ needs
may be met. Having more than one state existence makes the leader to try to satisfy as
many members as possible. In this normal scenario, the treated states are hungry, tired,
need to use restroom, bored, and the normal state. At the initial step of the decision-
making process, as discussed earlier, the leader considers two more issues: whether the
family was split earlier or not, and the number of the possible family leaders who could
be leaders of sub-families in case the family leader decided to perform a split. If the
family has only one leader, it can’t do a split because it must maintain the family
structure constraint that requires each family or sub-family should have a leader.
Similarly, the family can’t perform a split, in case it’s already split into sub-family to
have a second level split unless in some cases when encountering a lost member
situation. Not being able to split in these normal situations, the leader changes the current
action based on the highest priority state. The states are ordered from the highest to the
lowest, as follows:

< hungry, tired, need to use restroom, bored >

Therefore, the decision about the action to be taken is based on the state that exists
with the highest priority as a ds;, where most family members have. Each state should be
resolved by a certain action, in order to satisfy the member with that state. In this model,
having ds; as a hunger state of the family implies that it needs to go the nearest

restaurant. Once it approaches it, some time is spent inside and energy levels ¢; of the
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family members are recharged based on the time spent. The time spent in minutes by the
family varies:
time to spend = rand(x), where x > 10,x < 45

Similarly, having ds as a tired state of the family implies that it approaches the
nearest chair. After sitting for some time, members’ energy levels ¢; are recharged based
on the time in minutes they sits. The same concept applies to the restroom state. For the
bored case, in a norm act, when someone is bored at a certain location, he might leave it
or go to more attractive areas that match his interests within the location. In this model,
the bored state in an agent implies that it goes to some of the initial goals it set at arrival
at the event, based on its interests. Finally, having the normal state as the dominant state
implies that the family need not change its plan and will continue with the current action
being taken. It should be mentioned here that if the family can’t do a split into smaller
sub-families, then the whole family would be involved in performing a certain action
even if some members don’t have that state, so that the whole family would approach the
nearest restaurant or chair. This is achieved except for the case when there are some
children who are tired and need to be carried; these are carried based on a certain carrying
mechanism.

For a child to be carried, in this model, the child should be of age should be less than
five years. The leader issues the order about who should carry the child; this should be an
adult or a teen member who is not currently carrying a child—i.e. each member can carry
only one child at a time. Initially, the leader looks for a member who has a normal state,

since the carrying action would consume more energy than usual actions. If none of the
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members has the normal state, the leader assigns this task to another member that has any
of these states, in sequence.
< bored, hungry, restroom, tired >

If none of the members exist with such criteria, then if the leader is not already
carrying a child, he may carry the child; otherwise, the leader may consider approaching
the nearest chair in order to have some rest. The child is carried for a length of time of
around 10 minutes, based on a norm act, and then it resumes its movement. It should be
mentioned here that if the family has approached a restaurant or a chair, then the carrying
action stops. Additional effects that take place when an agent carries a child include more
energy consumption due to heavier weight, a lower moving speed, and an increase in the
size of the space occupied by the agent.

Having the family decide to approach a facility such as a restaurant, a restroom, or a
chair, implies that it locates the nearest facility to its current location. This is achieved by
having each family member share the information it has about the most recently seen
facilities and their locations with the rest of the family members. Then the family leader
determines the nearest facility among the shared locations through the use of the shortest
path algorithm. After that, the family proceeds to the facility.

If the family has not split earlier and has more than one leader, there are more
possible actions the family may take in order to satisfy more of the members’ needs. This
is achieved through the family split mechanism, which allows the family to be split into
smaller sub-families, each with a leader. Then each sub-family, with its corresponding

leader, proceeds to a certain location or facility in order to satisfy its members’ needs. For
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example, one sub-family may approach to the nearest restaurant while the other sub-

family approaches the nearest restroom. As shown in Figure 9 for the split mechanism.

Input: f,
If split of £, is feasible then
Generate f, 1, fi2r o fim

Decide [P of f, 4, fi 20 - fim
Find nearest facility

for f.. € [, de
Update FG ,
Update fs;;
foralla, € Ain f, ; do

Update [, ;

end for

end for

end if

Figure 9: Overview of split mechanism

For the case of having more than bored member or some members in the family who
are having s; is normal. If the family is able to split, then different sub-families are
generated where each sub-family contains members who are having least conflict values
between their members. For the leaders assigned for those generated sub-families, they
are selected base on having the max conflict values between them.

It should be mentioned here that once the family decides to split, it should decide on a
join point to return to after each split has satisfied its needs in order to conform to the

unity constraint.
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The join point is decided based on the actions following each split as shown in the

Table 5 below.

Table 5: Join points based on states existence

Hungry Tired Restroom Bored Normal Ip
state state state state state
1 X X X X Restaurant
0 X X X 1 Goal of normal split
0 1 X 1 0 Goal of bored split
0 1 1 0 0 Chair

Some special cases in situations where there are fewer leaders and more states are
handled as well in this model. For example, having three states, such as hungry, tired, and
bored, while having only two leaders. In such a case, members with tired states can be
grouped with members with the hungry state if there is a restaurant that is closer than the
chair. The second leader can then be assigned to the bored members. If the restaurant is
too far, then the second leader can be assigned to the members who have a tired state,
choosing not to take action for the members with a bored state, according to the priority
in states.

C) Lost member behavioral model

Families tend to reunite when separated [62]. In this behavioral model, if one of the
family members is not following the group, certain actions can be taken based on current

family situation and structure. Figure 10, shows the procedure of the lost behavior
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Figure 10: Lost member behavioral model

As mentioned earlier, the family’s movement is based on a leader-follower movement
approach, and the leader needs to ensure that all of the members are following it and in
sight. If the family leader can’t see one or more of the family members within its range,
the rest of the following members check if they can see it, as they might be closer to the
nonfollowing member. If none of the family members can see the nonfollowing member,
the leader will decide to stop and wait for some time in one spot so that the nonfollowing
member may approach the family. If the nonfollowing member approaches the family,
the family resumes its movement; otherwise, the leader needs to make a decision in order

to ensure family unity. The initial step the leader takes in making the decision in this
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situation is considering the number of possible leaders the family has to see what family
splits are possible. If there is only one leader the family must go as a whole and look for
the lost member, and cannot split. If there is more than one possible leader within the
family, the leader has more options in regard to looking for the nonfollowing member.
For example, if the family has exactly two leaders, then one of the family leaders waits
with the rest of the family members in one place while the other leader goes to look for
the lost member. Once the nonfollowing member is found, the searching leader joins up
with the waiting split, and the family resumes its movement. This type of searching
mechanism is called a search-freeze searching mechanism, as some of the family
members wait while the other searches for the nonfollowing member.

The second type of searching mechanism that the leader might decide to take is
search-search searching mechanism. This type of searching mechanism can be considered
when the family has two or more possible leaders. This searching mechanism is triggered
when the nonfollowing member is a child or is elderly. These nonfollowing members
need to be found as fast as possible. In this type of searching mechanism, the family is
split into two sub-families; one has a leader with one other adult or teen family member,
and the other has the family leader with the rest of the family members. Then each of the
formed sub-families moves and looks for the nonfollowing member. In case of having
more than two nonfollowing members with this search mechanism, the two sub-families
update each other through communication about the found nonfollowing member. Once
all of the nonfollowing members are found, the leaders of the sub-families communicate
with each other in order to acquire each other’s locations, then they join at a certain spot

and the family resumes its movement together.
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Finally, the third option the family leader could take if there are more than two
possible leaders is to use a search-navigate searching mechanism, which is applied when
the nonfollowing family member is an adult or a teen member and the situation is thus
not very critical to the family. In this type of searching mechanism, the family also splits
into two sub-families, but one sub-family searches for the nonfollowing member while
the other sub-family containing the rest of the family members resumes their movements
normally. Similar to the search-search split type, once the searching split finds the
nonfollowing member, its leader communicates with the leader of the navigate-split to
agree on a join point, and the family joins back up and resumes movement.

It should be mentioned that, the lost behavioral model is applied for situations that the
family is joined, or split due to satisfying needs. However, in case of encountering a lost
member in split of type search-search, search-freeze or search-navigate; no second level
split, or search behavior is applied. In this case, the split just waits in place till the
nonfollowing member approaches it.

Humans usually behave under the principle of least effort [99]. This principle states
that, when there are a set of possible actions to take in a certain situation, humans
typically choose the action that requires them to spend the least effort. In this model, the
searching mechanism adopted by the agents in order to find the nonfollowing member is
based on such principle. Accordingly, to look for a certain member, the searching
members will go to recently visited locations instead of looking in random locations or
traveling far from the current location. In order to have a more effective searching
mechanism for the search-search type, one sub-family looks at the last visited locations

based on timing, from the last visited to the first, while the second sub-family looks at the
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last visited locations but in the reversed order, so that more locations can be visited
within a shorter time. If all locations have been visited and the nonfollowing member is
still not found, then the family or the sub-family will look in random locations within the
same area until the nonfollowing member is eventually found. Finally, in order to have
the searching split move faster, they may set down any carried children and leave them
with the other sub-split to allow the searching process to finish faster.

D) Emergency behavioral model

In this type of decision-making action, the emergency situation is identified through
perception of the danger caused by a fire, or through an external stimulus, such as an
announcement heard at the location or in a certain area. According to [1], families exhibit
kin behavior, where the members tend to stay and wait for each other before evacuating.
Moreover, humans in groups tend to delay their evacuation until all the members are able
to evacuate [100]. In this model, such kin behavior is applied based on the current state
of the family. The family leader considers certain issues before deciding on the
evacuation mechanism. Such issues include whether or not the family has been split up
earlier, along with the reason for the split and the number of leaders. Initially, regardless
of whether or not the family has been split up or not, each child should be carried by an
adult or teenager family member. Having the family split up earlier because of a member
who does not follow implies that the searching sub-family split keeps looking for the
non-following member and evacuates when he or she is found. Thus, the evacuation time
of the family might be longer, which may threaten their ability to evacuate safely [101].

If the sub-family of type freezed or navigate sub-splits, the leaders of each split
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communicate with the other searching split and inform the members about their intent to
evacuate the location. Then, after evacuating to a safe spot marked as an assembly point,
the leaders communicate again in order to agree on a meeting place. Cases where the
family is split earlier to satisfy a member’s needs imply that each split’s leader
communicates with the others and then evacuates the location independently to reach the
assembly point, communicating about the meeting place later. Finally, if the family
wasn’t split earlier, the family must evacuate the event immediately, while the leader
ensures that all members are following him or her. Such evacuation processes increases
the agent’s heart rates and sets its speed to the maximum their which, in turn, consumes
more energy than normal actions.

In emergency situations, humans tend to choose routes that are familiar with [1],
[102]. In this model once the family decides to evacuate, it chooses the known exits to it,
or signs of the exits. These exits or signs have been seen prior to the emergency situation
by the family members. Each member shares its information, and the leader determines

the nearest one. The overall process is described in Figure 11.
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Figure 11: Evacuation process

As can be seen, there are cases where the family evacuates immediately, for example

when being joined, or experiences some delays before evacuation due to being split up

prior to the emergency occurrence, or having a lost member situation.
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3.3.  System Implementation
This subsection discusses the high level architecture of the system as well as its
implementation and verification.
3.3.1. High Level Architecture

The high-level architecture of the system is shown in Figure 12.
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Figure 12: System high level architecture

Initially, the crowd generator module generates the agents based on an input arrival
pattern. Then, these agents act in the environment autonomously based on simultaneous
interaction between the behavioral model and crowd simulation library. The behavior of
the agent is affected by some factors, including its sensation of the environment, current
needs, and family membership considerations. Then, based on the decision about the

behavior to adopt, the agent decides which goal to reach. The movement of the agent
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towards that goal is achieved through the use of the crowd simulation library. The library
employed is the Reciprocal Collision Avoidance for Real-Time Multi-Agent Simulation
(RVO2) [103]. It is an open-source implementation of a multi-agent based approach in
which each agent’s movement is handled independently. The movement of the agent is
based on computing a collision-free path by formulating the optimal reciprocal collision
avoidance (ORCA) [104].

The system provides the library with the layout of the environment, together with the
partial characteristics of the agents. The layout data of the environment include the
different obstacles and their locations, which are provided before the simulation start. On
the other hand, the partial characteristics of the agents are presented as constituting two
types: those that are updated throughout the simulation run time and those that are static.

The updating type points to the library’s need to simultaneously obtain the updated
values of the agents’ characteristics from the behavioral model. The set of characteristics
includes the preferred velocities, maximum speeds, positions, and sizes of the agents,
which are derived from and updated in the behavioral model. The static set of
characteristics, which are not updated in the behavioral model, include the maximum
number of neighbor agents and their maximum distances an agent needs to consider
while computing its free-collision motion. Other necessary characteristics re related to the
agent’s response time in the presence of other agents or obstacles.

Finally, during the run time of the simulation, the agents’ data, which the behavioral
model is set to update, are sent to the library to reflect their motion. Moreover, during the
run time, the agents’ movement is visualized, and some data related to measurements are

traced.
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3.3.2. System Implementation and Verification

The model is coded using the parallel vector concept: Four main vectors in the system
are shared between all system modules. One out of these vectors is used to handle data
related to families, while the other three vectors are used to handle data related to agents.
The family vector contains elements of type family that contains family structure as
modeled in the behavioral model.

The first vector of the agents’ data is located in the behavioral model layer. It includes
elements of type agent, where each agent element contains an agent’s data as modeled in
the behavioral model layer. The second vector is located in the underlying layer of the
system, which is the RVO2 library. Similarly, it contains agents’ data but as represented
in the underlying crowd simulation library. The third vector contains elements of type
vector, where each vector element contains the goals of a certain agent.

Initially, when an agent is created, it is inserted into the vectors that handle agents’
data in both layers of the system. His goals are inserted into the vector of goals. As
discussed earlier, an agent acts in the environment based on the different simultaneous
interactions between the behavioral model and the crowd simulation library. This is
reflected through the different modules’ simultaneous updates of the data contained in the
vectors. Based on the behavioral model, an agent intends to approach a certain goal. Such
a goal is obtained from the vector of the goals associated with that agent. In order to
achieve that goal, two levels of navigation processes are applied namely, local and global
path planning. The local path planning is achieved through the underlying layer, which is
the crowd simulation library. Such a library is responsible for the collision-free motion of

the agent while adjusting its speed. A collision-free motion ensures agent’s movement
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without colliding with other agents or with the existing static obstacles within the
environment. However, other aspects of path planning in which the agent should move in
order to achieve the specified goal are not considered. Therefore, there is a need to
provide the agents with some routing hints regarding the goal to be approached, that is
global path planning. According to Gérling et al. [105], people tend to adopt subsequent
movements toward their final destination. This is achieved by introducing a virtual
routing mechanism in the system. Based on the goal location defined in the environment,
the agent approaches virtual routing points. The agent follows the virtual routing points
thus, approaches gradually to arrive at the intended goal.

The system is validated through the different stages of its development. Unit testing is
applied such that individual system modules are verified in terms of functionalities to
produce predicted outputs. Then several related system modules are integrated and tested
in the component-testing stage. That includes verifying the interfacing between the
different modules as well as the parameters passing. Finally, full system testing is
applied, where all components of the system are integrated and tested as a whole and
their interactions are verified.

In this chapter, the model design is discussed followed by its implementation. This
model is comprehensive and considers multiple family behaviors at the same time. Such a
model is constrained by the set of social and psychological theories considered. For
example, the family should have a leader at all times, elderly people or children should
not be left alone under any circumstances, and the family members should stay together
while attending a family gathering. These constraints do not necessarily appear in a

primitive group’s modeling.
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Family unity is the main constraint considered in the family behavior. That applies in
the three situation types under consideration: normal situations, situations with non-
following members, and emergency situations. In a normal situation, once the family
decides to split up, it must agree on a gathering point at which to reunite. In a situation
with a non-following member, the family can adopt three possible behaviors to find the
non-following member. The behavior adopted depends on the characteristics of the non-
following member (that is, whether the family member in question is an adult, teenager,
elderly person, or child) as well as the family structure and state of being split up or
joined. Finally, in an emergency situation, the unity of the family is maintained by
ensuring the safe evacuation of the family members and waiting for and helping each
other before evacuation.

Physiological considerations are addressed at the member level to generate a state that
represents a certain intention. However, such an intention cannot be revealed
immediately as other members’ intentions should also be considered. In primitive groups,
such considerations do not necessarily apply. For the family decision-making process, the
family leader considers the family structure and each member’s characteristics and
intentions (represented by states) such that the decision is made at the family level. The
effect of the family structure on the decision being made is that, based on the number of
leaders in the family, the family state involves being split up or joined. The leader is
assigned the responsibility of making the final decision as he/she it has been modeled to
have more knowledge than the others regarding the constraints within the family that
must be met. Moreover, the model adopts the dynamic change in goals based on the

different needs of the family members. It addresses specific behaviors regarding children,

58



for instance, carrying them when they are tired or during emergency situations. Chapter 4
discusses case studies to analyze the effect of the family behavior in certain contexts.

Moreover, other behaviors of the family in emergency situations are modeled and

analyzed.
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CHAPTER 4: CASE STUDIES

The system model is used to study family behaviors in normal situations as well as
emergencies. A set of case studies are simulated for a book fair event held at the Doha
Exhibition Center in Qatar in 2014. The intention of these case studies is to analyze how
family behavior affects different measured criteria, such as evacuation processes and the
family members’ level of satisfaction.

Section 4.1 presents the event settings considered for the case studies that includes
event layout and people arrival pattern to the event. The case studies of emergency and

normal situations are discussed in section 4.2.

4.1. Event Settings

The book fair event of 2014 was held at Doha Exhibition Center in Qatar. A number
of booths were set up for this purpose in the hall of the exhibition center. The hall area
has a few restaurants and other facilities such as restrooms and seating areas, and has two
main entrances that were also used as exits. The layout of the event is depicted in Figure
13. There are 108 booths geared toward different interests, along with two restaurants

and three restrooms.

60



|

sd
D17
sa

py DB py» px

na oa 6a
DI D15 D16
wa wa e
®a wa wa

D 2

na
DIy

a
Sa

|15

Figure 13: Book fair event layout

The source [106] provides the layout for this event only with Arabic labeling for the
booths.

Under the assumption that people at the event behave in a normal way, each
individual or family reads a brochure about the event and the different booths upon
arrival. Hence, they can know the way to a booth when needed. Each individual or family
member selects a set of booths to visit based on their own interests. Some of the booths
included in the event revolve around science, education and technology, and there are
also booths for children. The family or individual will determine the best way to visit the
booths of interest to them, mostly by identifying the shortest path between them. Visitors

usually spend some time inside each booth, exploring the different items there. This time
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might vary based on the interest of visitors and what is available at the booth as well as
how crowded is the booth. Because of members of a family might have different
interests within that booth t, the family might split forming what is referred to as sub-
families. In this case, each sub-family explores the booth independently, and join back at
the when exiting that booth which might involve waiting for each other.

Event Arrival Pattern

The event runs for a full day, with some breaks in between. To be more specific, it
runs from 9:00 a.m. to 1:00 p.m. and continues from 4:00 p.m. to 10:00 p.m. The event is
simulated for the first two hours of its start-up time to limit the simulation time. The

people growth in the system for the first two hours is shown in  Figure 14.
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Figure 14: People growth in the system
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At the first quarter of the event start time, the event expects low arrival bulks. These
bulks gradually increase as the event is ongoing. Furthermore people who leave within
the first two hours of the event time are less expected.

During this period of time, the system simulates 120 families with an average family
size of seven members. These families compose 77% of the people, while the other 23%
are individuals who don’t belong to families. These people belong to different age
categories, being adults, teenagers, elderlies, or children. The distribution of people who

attend the event is shown in Figure 15.

People Distribution

M Total Individuals ETotal Adults/teenagers i Total Elderlies MTotal Children

Figure 15: People distribution in the crowd

Based on a conducted survey of the family structure (refer to Appendix A), around
40% of the family members are adults or teenagers, while 29% are children and the rest

are elderlies.
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4.2. Simulated Case Studies

This section presents the different family behavior cases of studies used to study in

emergency and normal situations.

4.2.1. Emergency Situation Case Studies

The developed model is used to conduct a set of experiments under emergency

conditions and is simulated in a crowd simulation environment under two case studies.

The first is related to the effect of family behavior on the evacuation process, while the

second studies the effect of the event layout on the evacuation process. Each of these case

studies is based on a hypothesis, which is to be proven or disproven, and accompanied by

a set of research questions. For each case study, the simulation is set to run ten times.

In the different case studies considered, a set of assumptions are set:

Once a fire exists in a certain area, it’s assumed that all people located in that area
are made aware of the existence of the fire via the fire alarm, which is heard by
everyone attending the event.

All the hall exits are opened and cleared so that none of them are blocked in an
emergency situation and all exits are reachable by the agents.

The view of the area is clear during the evacuation; i.e., there is no smoke
blocking the agents’ view. The concern here is more about the effect of behavior
being adopted during the evacuation process than the effect of the emergency
situation and its related parameters, such as the presence of smoke or path
blockages.

Once an agent reaches an exit, is considered successfully evacuated.
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4.2.1.1. Case Study One
This subsection discusses the first case study, including an overview of the

hypothesis, research questions, and simulations setup, followed by a description of the
results.
Case Study Description

Hypothesis

Based on people’s perceptions, families’ splitting up in evacuation situations during
public events leads to high causality percentages per family.
Research Questions

RQL1. Does family disunity affect the evacuation process?

RQ2. What action should the family take in evacuation situations that leads to best
evacuation rates?

RQ3. Can the evacuation process of the families be improved, based on common
behavior being taken by the families under study?

RQ4. How would the evacuation rate be if a set of families exhibited different
behaviors based on a sample set of families conducted by a survey?
Situation under Study

During the family navigation of the event, a fire alarm is on, indicating a need to
evacuate the area as fast as possible. A survey is conducted on 100 families (refer to
appendix), who question their behavior in case of an emergency situation at a family-
related event, and the results show that families usually adopt a set of different behaviors.
In order to study the effect of these adopted behaviors on the evacuation process, each of

them is studied independently, such that all families are considered adopting the same
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behavior. Then, the evacuation process is studied based on the composition of the

families that adopt behaviors based on the conducted survey results.

The following set of simulation sets is conducted in order to study the effect of each

behavior on the evacuation process.

a)

b)

d)

Having the family split up prior to the occurrence of the emergency situation
requires that all the family’s subgroups reunite, then evacuate as a unit. On the
other hand, the family evacuates immediately as a unit in case it is joined. In this
study, this behavior is referred to as waitEva, which stands for wait for each other,
join back, then evacuate if the family is split.

Having the family split up prior to the occurrence of the emergency situation
implies that each family subgroup evacuates independently. This behavior is
referred to as indepEva, which stands for independently evacuate as a subgroup.
Similar to waitEva, the family evacuates immediately as a unit if it’s already
joined.

Regardless of the family state prior to the emergency situation, the family splits
completely into its possible leaders. Each leader then evacuates independently of
the family’s or subgroup’s movement, carrying a child, if possible. This behavior
is referred to as splitEva, which stands for split up and then evacuate.

The combination of these behaviors (a, b, and c) is based on the percentage values

obtained from the survey.
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Simulations Setup:

e Fire that triggers the evacuation process exists at minute 90—i.e., an hour and a
half after the start of the event. So, it’s guaranteed that there exists a sufficient
number of people based on the considered arrival pattern.

e As atime-controlled simulation, there is a determined time window for people to
evacuate.

e Each simulation run has a fixed number of families, with the same structure.

Case Study Results

This section discusses the results based on the conducted simulation sets presented in
the previous section. This is divided into three subsections. The first discusses the effect
of the behavior adopted by the families during the evacuation process, while the second
discusses the effect of the adopted behaviors of the people that compose the crowd:
family members and individuals who don’t belong to families. Finally, the third
subsection discusses the effect of families’ adopting behaviors with percentages based on
the conducted survey of the evacuation process.

A key limitation of this study is the lack of real data to verify the simulation results
for the book fair event, such as surveillance videos showing the people’s behavior. Figure

16 shows a snapshot of the evacuation process in this case study.
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Prior to the emergency situation at time equals to 85 minutes, people were distributed
in the hall exploring the booths or at the different facilities. As the fire alarm started at
time equals to 90 minutes, the people need to evacuate the location. They got out of the
booths and facilities and moved towards the corridors as can be seen at time equals to 95
minutes and time equals to 100 minutes. Finally, they approach the exits located at one
side of the hall.

A) Evacuation process of families

Figure 17 shows the cumulative number of the evacuated families during the first
thirty minutes of the evacuation process, the start time for the three adopted behaviors. As
can be noticed, the simulated model predicts higher evacuation rates of families that

adopt the splitEva behavior compared to the indepEva or waitEva behaviors.
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Figure 17: Number of evacuated families per minute

Initially, during the first three minutes of the evacuation process, the difference
between the splitEva behavior and the other two behaviors is very small. This is because,
during this period, high percentages of families that adopt the indepEva or waitEva
behaviors were located within areas close to the exit gates. This is shown in Figure 18
comparing the percentages of families that evacuated during a certain period of time
against their location at the time of the emergency situation for the three types of adopted

behaviors.
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Figure 18: Effect of the location on the evacuation time
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The letters A, B, etc. indicate areas in the layout referred to as grids as shown in

Figure 19.
A C E G
B D F H

Figure 19: Grids spanning over the hall area

As can be seen in Figure 18, high percentages of the evacuated families during the
first period of the evacuation process were located in grids B and H. These two grids
include the exit gates of the hall. It should be mentioned that families located in the first
half of grids, A and G, are able to evacuate faster than other families located in the
second half or in other grids located at the middle of the layout, such as C and E. This is
because the exit is closer with respect to their location. Then, as the time elapses, the
different families that were located at farther areas in terms of grids approach the exit
points, as the families exist at grids C, E, or in the second halves of grids A and G.
Hence, the different adopted behaviors become closer to each other, while splitEva scores

the highest.
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The family state prior to the emergency situation is an important factor that affects the
decision process of the family. Such a state determines whether the family evacuates
immediately as a unit, splits into its possible leaders, or approaches other subfamilies to
reunite. The effect of such a state is shown in Figure 20. The figure shows the relation
between percentages of the evacuated families based on the states being split or joined for

each behavior and the time when these families evacuated.
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Figure 20: Family state effect on the evacuation time

During the first fifteen minutes of the evacuation process, for the period [90-105], it
can be seen that all the evacuated families in the three adopted behaviors were joined.
This affects the waitEva behavior, as there are no subfamilies to approach each other (of

the same family) before evacuating as a unit. Therefore, the family can evacuate
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immediately. Similarly, in the case of the indepEva behavior, the families act as the
waitEva behavior in the evacuation process since they are joined. With the splitEva
behavior, on the other hand, family members can still split from each other and approach
the exits independently even if the family was joined.

Then, during the time period [105-120] of the evacuation process, the three adopted
behaviors show close results, as during this time period, the families that were located at
farther areas with respect to the exits start to approach (refer to Figures 18, 19).
Therefore, they need more time to evacuate, even if they were joined prior to the
existence of the emergency situation. This shows the advantage of the splitEva behavior
in the worst situation, where the exits are on the opposite side of the current location.
Finally, after the first thirty minutes of the evacuation process, the families that adopt the
waitEva behavior evacuate, as they were split prior to the occurrence of the emergency
and located farther from the exit gates.

B) Evacuation process of people

This subsection discusses the effect of the adopted behavior by families during the
evacuation process on people that compose the crowd as individuals or family members.

Initially, as can be seen in Figure 21 for the evacuated individuals in the three adopted
family behaviors, the evacuation process of the individuals is the same. This is because
the movement and the evacuation process of the individual are independent from the

behavior adopted by families.

74



Evacuated Indivduals/Min

250
200
v
‘2 150
3 —splitEva
(1)
5 100 / IndepEva
50 waitEva

/

0 T T T T T 1
90 95 100 105 110 115 120

Time (Min)

Figure 21: Number of evacuated individuals per minute

On the other hand, the behavior adopted by the families affect the evacuation process
of their members. The evacuation rates of family members who belong to families that

adopt certain behavior can be clearly noticed in Figure 22.

Evacuated Family Members/Min

800 r—
700 ///

500 /-

500 S

(7]

-]

]

§4m // — splitEva

m /

& 300 // indepEva
200 / waitEva
100

0 T T T T T 1
90 95 100 105 110 115 120

Time (Min)

Figure 22: Number of evacuated family members per minute
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As can be seen, families that adopted the splitEva behavior showed the highest
evacuation rate compared to the other adopted behaviors. More specifically, as can be
seen in Table 6, for the percentages of the evacuated family members during the first
thirty minutes of the evacuation process time, it’s shown that, after around twenty
minutes of the evacuation process, around 91% of the family members who belong to
families that adopt the splitEva behavior were able to evacuate. For the families that
adopt the indepEva behavior show close results (83%). On the other hand, for the same
time period, around 76% of the family members who belong to families that adopt the
waitEva behavior were able to evacuate. In fact, a percentage of 91% was reached by
families that adopted the waitEva behavior after ten more minutes compared to the
families that adopted the splitEva behavior.

At the end of the thirty minutes since the evacuation process started, the splitEva and
indepEva behaviors almost converge to the same percentage, around 99%, while for the

waitEva behavior, around 91% of the members were able to evacuate.

Table 6: Percentage of evacuated family members in first 30 minutes

Time splitEva indepEva waitEva
95 19.32% 13.15% 13.15%
100 36.2% 27.94% 27.94%
105 62.4% 49.13% 46.22%
110 90.8% 83.12% 76.83%
115  98.37% 96.86% 88.71%
120  99.07% 98.25% 90.45%
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Such differences in the percentages of the evacuated family members would have
serious effects if a certain behavior is adopted with high percentages. More specifically,
having high percentages of families that adopt the waitEva behavior during the
evacuation process would increase the casualty rates of their members. This is discussed
later in subsection C, where 64% of the families adopt the waitEva behavior based on the
conducted survey results.

Figure 23 shows the distribution of the mean number of evacuees who belong to
families of the ten runs at evacuation time equals to 105 for the three behaviors. It can be
seen that the indepEva behavior has higher mean value compared to waitEva. However
the difference is not statistically significant between them as their standard deviation bars
overlap. For the splitEva behavior there is a significance difference in the number of

evacuees compared to the two other behaviors.
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Figure 23: Mean and standard deviations of evacuated family members
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The rest of this subsection discusses the decomposition of the family members who
evacuated per minute of time.

The rates of the evacuated leaders, shown in

Figure 24, it can be seen that members belong to families that adopt the splitEva

behavior score the highest number of the evacuated leaders compared to the indepEva or
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Figure 24: Number of evacuated leaders per minute

The reason for having such high evacuation rates of family leaders that adopt the
splitEva behavior can be justified due to their independent movement of the family they
belong to compared to the rest of the family members who are restricted to the movement
of the family. More specifically, in such behavior, once the family is split, each possible
leader carries the responsibly of evacuating itself, without the need to be further led by
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the main family leader. The rest of the family members, on the other hand, stay with the
main leader, who in turn carries their evacuation responsibility along with maintaining
their following behavior. These members could be elderlies, or could be children who
couldn’t be carried by the independent leaders. As discussed earlier in chapter 3, for the
following behavior, having unfollowing members causes the family leader to wait or look
for them. In the evacuation process, encountering such conditions causes delays to the
whole family.

Considering the waitEva behavior, more delays are expected once the family is joined
where all members move together as a unit. This can be justified due to the larger size of
the moving unit means higher probabilities of having unfollowing members within the
unit. Similar situations happen in the indepEva behavior for the joined families, while
fewer delays are expected if the family is split up, as the moving unit size is smaller.

Since each leader that evacuates independently from the family in the splitEva
behavior can carry a child, the rate of the evacuated children scores the highest compared
to the families that adopt the waitEva or indepEva behaviors, as shown in Figure 25. It
should be mentioned that the children are carried as well in the indepEva and waitEva

behaviors during the evacuation process.
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Figure 25: Number of evacuated children per minute

Figure 26 shows the evacuated elderlies over time. Similarly, the splitEva behavior

shows the highest evacuation rates.
Figure 26: Number of evacuated elderlies per minute

This can be clarified based on the size of the family moving concept discussed earlier.
That is, moving in a family of a smaller size makes its overall evacuation process faster.
In the splitEva behavior, the family size becomes smaller, as all leaders who can are split
from the family, carrying children, if possible. Therefore, the leader needs to manipulate
fewer members, and the maximum number of unfollowing members would be less,

causing fewer delays, hence, a shorter evacuation time.
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C) Evacuation process of families with different behaviors

This section discusses the result of having crowd composed of families that adopt
different behaviors each based on the conducted survey (refer to appendix). In this
simulation set, 16% of the families adopt the splitEva behavior, while 20% adopt the
indepEva behavior and the remaining 64% of the families adopt the waitEva behavior.
The result of such composition is shown in Figure 27. Having such composition of the
families results in evacuation rates of around 86% within the first thirty minutes of the
evacuation process. Indeed, such composition mainly affects the people who belong to
families, as the individuals are not affected by the behavior the families adopt, as

discussed earlier.
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Figure 27: Evacuated people rate
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4.2.1.2. Case Study Two
This section discusses the second case study related to testing in emergency situation.

It studies the effect of modifying the layout settings on the evacuation process. The
motivation behind this case study is that the human behavior in emergency situations
depends on their psychological and social factors that cause them to behave in a certain
way [100][107]. As discussed in the previous subsections, family members adopt kin
behavior and delay their evacuation, which is represented as the waitEva behavior in this
study. The results show that adopting such behavior results in the slowest evacuation
rates. People can be educated about the consequences of adopting such behavior, but it’s
not guaranteed that they wouldn’t adopt it in emergency situations, where their decisions
might not be correct. Thus, this case study investigates the effect of modifying the layout
on the evacuation process while having families adopt different behaviors based on the
conducted survey results.
Case Study Description
This subsection discusses the case study description and the simulation setup.
Hypothesis

Having more exit gates at buildings improves the evacuation process by having lower
evacuation times.
Research Questions

RQL1. Can the evacuation process be enhanced without alerting behavior adopted by
families?

RQ2. Does the evacuation rate change when adding two more exits to the hall area of

the Doha Exhibition Center?
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Situation under Study
Crowds composed of individuals and families navigate the event by approaching
different booths. These families act based on different behaviors with the percentages
obtained from the conducted survey. This means, in the emergency situation, 16% of the
families adopt the splitEva behavior, 20% adopt the indepEva behavior, and the
remaining 64% adopt the waitEva behavior.
In order to study the effect of the layout properties on the evacuation process, the
following simulation set is conducted, where each is set to run ten times.
a) Testing with the current layout settings that has two exit gates
b) Adding two extra exits to the current layout of the event, in grids D and F

(refer to Figure 19, which shows the grid areas of the layout).

Simulation setup
e Fire existence that triggers the evacuation process exists at minute 90—i.e., an
hour and a half after the start of the event
e A time-controlled simulation, with a determined time window for agents to
evacuate

e Fixed number of families, with the same structure

Case Study Results
Figure 28shows a snapshot of the evacuation process considering a layout of four
exits. It can be seen how the evacuation process is enhanced by having more exits that

leads to shorter travel times and in turn faster evacuation rates.
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The evacuation rate of people under the two settings of the layout is shown in Figure

29 shows. Similar to the previously discussed results, during the very first minutes of the

evacuation process, the two situations show very close results. That is because of the

existence of the crowd near the exits at the time of the emergency situation along with

having joined families.
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Figure 29: People evacuation rates under the two layout settings

The differences between the two settings start to increase after five minutes of the

evacuation process. That is the time where the families that were located at the grid areas

opposite to the exit gates are able to evacuate.
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Table 7 shows the percentages of the evacuated people for both settings within certain

time periods.

Table 7: Percentages of evacuated people within time under the two layout settings

Time (Min) Four Exits Two Exits

95 15% 14%
100 40% 27%
105 67% 48%
110 82% 75%
115 85% 84%
120 87% 86%

Considering the time for which around 85% of the people were able to evacuate under
both settings, the results show that, for the case of having four exits, that percentage is
reached around time =115 minutes. On the other hand, the same percentage is reached
around time =119 for case of having two exits. Thus, the improvement of the evacuation
process based on having four exits can be calculated as follows.

Considering the differences in start time between the two settings on time =95

minutes, then,

100%10

100 — = 28.6% Faster

Figure 30 shows the mean values of evacuated people of the two layout settings of the
ten experiments at time equals to 105 minutes. The mean value of the four exits case is
higher compared to the two exits. Moreover, the standard deviation bars of both
approaches don’t overlap indicating a significance difference statically between the two

approaches.
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Figure 30: Mean and standard deviations of evacuated people in the two
layout settings

Further investigations could be applied on adding extra exits in upper half grids of the
layout as grids A, C, E, and G.

4.2.2. Normal Situation Case Study
This subsection presents a case study that studies the effect of family split on the level

of satisfaction of its members in the normal scenario. The level of satisfaction is a
measure of the number of achieved goals within certain period of time.
Case Study Description
Hypothesis
Having the family split in public events increases the satisfaction per family member

by increasing the number of achieved goals that are pre-planned.
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Research Question

RQL1. Does a family’s splitting up increase the satisfaction factor?
Situation under Study

Families arrive to the event having their members pre-planned their goals based on
interests. Up on arrival to the event, the families take certain decisions regarding keeping
the unity, or split up in order to achieve more goals within certain time window. Based on
the conducted survey (refer to appendix), who questions families’ behavior at public
events, equal percentages are found for families that don’t split and prefer to navigate to
the goals together, and for families that prefer to split up into smaller subfamilies that
navigate independently to reach goals.

In order to study the effect of the decision to split up or not on the satisfaction factor
of members, the following experiments are conducted, while the average family size is
seven members.

a) Perform split at high rate, where the family can split up maximum of three

subfamilies.

b) Have medium split rate, where the family can split up to maximum of two

subfamilies

c) Have zero split rate, means families don’t split

Simulations Setup:
e A time-controlled simulation

e Fixed number of families, with the same structure
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Case Study Results

Figure 31 shows the average satisfaction level of the family members in the three

decisions of splitting for their stay in the event of thirty minutes until ninety minutes.
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Figure 31: Average satisfaction level of the family members

The results show that deciding to split in general increases the satisfaction level of the
family members compared to not split. Moreover, more splits within the family leads to
higher satisfaction levels. This is because, once the family is split into smaller
subfamilies, more goals can be achieved in parallel for the same time window.

In this case study, the three decisions on the split show close results in the satisfaction

level. It’s not always guaranteed that the family would split up to the maximum number
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of subfamilies all the time; it may not split up at all. This is because of number of reasons
that are either related to the family constraints on the structure or the goals to be
achieved. Constraints on the family structure that are defined in this model require that
each subfamily to be formed should have a leader as disused in chapter 3. In some cases,
the family may not have enough leaders to be assigned to the max number of subfamilies
to be generated. Hence, the maximum number of splits is not always achieved. The other
constraint is that, the children and elderlies should stay with a leader and are not allowed
to navigate alone, therefore their satisfaction level might be lower compared to the
leaders, which in turn affects the average satisfaction of the family.

The reasons that are related to the goals to be achieved, on the other hand, include
matching of interests’ factor and the number of goals to be achieved. The matching of
interests’ factor is defined as the percentage of matching goals between members. In this
model, the subfamilies are formed based on having members who have the least conflict
in interests between them. This means the more family members who could form
subfamilies of distinct interests with respect to other subfamilies, the more subfamilies
can be formed. Some cases occur as having a matching in interests between the family
members; hence less subfamilies are formed. Finally, since the satisfaction level depends
on the number of goals a member intends to achieve, having fewer goals would result in a
higher satisfaction value within a certain time period compared to having more goals.

In this chapter, the family behavior in normal situations as well as in emergency
situations is studied through conducting a set of simulations based on certain hypothesis

to prove/disprove certain concepts.
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In the emergency scenario, the evacuation process is studied under two case studies
that include the effect of the family behavior, and the effect of the layout settings of the
event. The effect of the family behavior on the evacuation process is analyzed for three
behaviors and the consequence of each adopted behavior is presented. It’s found that
splitting of the family into its leader while each leader can carry a child leads to the
highest evacuation rates. On the other hand, adopting kin behavior leads to the lowest
evacuation rates of the family members. Since people behavior during panic situation is
affected by their psychological and social factors, means that high percentages would
adopt the kin behavior, some recommendations can be provided to people that could
enhance their evacuation process based on adopting such kin behavior. The first and
could be the most important is to agree upon split about the behavior to adopt in case of
an emergency situation occurred. This might save the time needed to evacuate as a
family, and even would enhance the evacuation process as knowing that the other family
split would adopt a certain behavior. On the other hand, not being able to know or
predict how the rest of the family members would act, leads to dysfunctional behavior of
the families [108]. A second recommendation could be to evacuate immediately if the
family is split up since long time. Finally, agreeing on a join point upon deciding to split
to be approached by the subfamilies in case of emergency situation might enhance the
evacuation process. This is because, in emergency situations, subfamilies know that they
need to approach a certain location, so it’s approached immediately, saving the time of
communicating or looking for the other subfamilies. Indeed, this recommendation is set

under the assumption that the join point is a safe area.

91



The other case study investigated the effect of adding extra exits on the overall
evacuation process. It’s found that adding two extra exits to the layout results in an
increase of the evacuation rate by around 29%. Finally, in normal scenarios, the effect of
families’ splitting up on the satisfaction level of the members is studied. It’s found that
having the family split up into more subfamilies increases the satisfaction level of the

members
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CHAPTER 5: CONCLUSION AND FUTURE WORK

This chapter discusses the main objectives that this work achieved, followed by some

insights into future work based on the research.
5.1. Conclusion

The present research addressed the problem of molding family behavior in crowd
simulations. The motivation for tackling such a problem is the analysis of family
behavior in different contexts to predict the effects of behavior adopted during similar
real-life situations.
Over the course of the present research, the following objectives are achieved:

e A model that describes family behavior in normal and emergency situations is
created. That is achieved by designing a model that considers the
contributions of multidisciplinary research and by conducting a survey of
adopted behaviors in certain situations. Chapter 3 discusses how the
considerations of multidisciplinary research are reflected in the model’s
design, while chapter 4, section 4.2, discusses other behavioral considerations
in the model’s design based on the results of the survey conducted.

e An implementation of the proposed model is undertaken by building the
model on the top of a crowd simulation library. Then the model is validated
through execution and by ensuring that it produced the outputs expected based
on the input design. The implementation details and the high-level

architecture of the model are discussed in chapter 3, section 3.3.
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A study of family behavior in normal and emergency situation is applied. This
is achieved by conducting a set of case studies. The case studies are sought to
investigate the effect of family behavior on certain parameters, including the
evacuation process in emergency situations and the satisfaction level in
normal situations. These case studies are discussed in detail in chapter 4,

section 4.2.

Based on the study and the analysis of the family behavior applied in this work, the

following findings are derived:

Family behavior affects the family evacuation process in emergency
situations. Each adopted behavior has certain consequences for family
evacuation rates.

Adopting kin behavior as a common during the emergency situation, leads to
the lowest family evacuation rates.

Family disunity in emergency situations affects the decisions made regarding
which behavior to adopt, thus affecting the evacuation process.

The family evacuation process is enhanced when the family splits during an
emergency situation (as opposed to the process when family unity is
conserved). The split could be total, leading to the highest evacuation rates, or
could involve division into smaller subfamilies.

The behavior that families adopt does not affect the process of evacuating

individuals.
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5.2,

The overall process of evacuating the people who make up a crowd is
enhanced when extra exit gates are added to the layout where the crowd is

gathered.

Family splitting in public events increases the family members’ satisfaction

Future Work

The following are proposed ideas for future research directions on family behavior:

Applying the proposed family behavior model to studying family behavior in
other contexts including emergency airplane disembarkation process.

Using the proposed family behavior model to inspire a model for other
specialized types of social groups such as friends’ gatherings.

Extending the adopted structure of the family in the proposed model to
include members with special needs.

Extend the proposed behavioral model and its decision-making process to
consider emotions such as fear.

Attempting to reinvent the decision-making process of the proposed model
using fuzzy-logic or neural networks.

Attempting visualization using a 3D environment.
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APPENDIX: SURVEY ABOUT FAMILY BEHAVIOR

This survey is intended to analyze family behavior in family gatherings. It aims at
studying behavior in normal as well as emergency situation.

1. How many members are in your family?

2. How many Kids are in your family (below 12 years)?

3. How many adults and teenagers are in your family?

4. You are attending with your family an event of different interests; how does your
family usually behave in the event?
-

All family members hang around together always to visit different areas of interest

=

Family is divided into smaller groups to visit different areas of interest

{

5. When hanging around with family, usually after how many minutes do you get
bored?

6. Why do you get Bored?

Not visiting areas of interests you intended to visit within certain time

Other (please specify)

=

Family is favoring other members' needs than visiting your areas

{

7. When hanging around in an event, usually after how many minutes do you go to
restroom?

8. When hanging around in an event, usually after how many minutes do you go to
restaurant?

9. When you are in an event and you are with your family at the same place,
suddenly, a fire evacuation alert started. How will you first react?

=

Other (please specify)

Evacuate yourself first

=

Evacuate with other family members together

{

Other (please specify)
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10. When you are in an event and you are apart from your family, suddenly, a fire
evacuation alert started. How will you first react?

Evacuate yourself first
Try to approach other family members then evacuate together
You will evacuate with the a group, If you are in a group of family members

Other (please specify)

11. Do you expect less causalities if your family groups waited for each other before
evacuating?

 Yes

;
No

12. Do you expect less causalities if each member of your family evacuated by

himself regardless of other members?

i
Yes

No
13. Do you expect less causalities when each family group evacuate by itself
regardless of the other groups, if the family was split in groups?

: Yes

-~
No

14. When you were moving around in an open event with your family, you noticed that one of

your children or an elderly person is not around (he/she has no cell phone) how will your family

react?

{

{

{

All family members will look for him together as a unit
Your family members will split to look for him in different possible areas

One family member will be looking for him, and others will wait, in case the family
cannot split

Some of the family members will look for him and the others resume movement

Other (please specify)
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15. When you were moving around in an open event with your family, you noticed that one of
your family members who is an adult or a teenager is not around (he/she has no cell phone)
how will your family react?

All family members will look for him together as a unit
Your family members will split to look for him in different possible areas

One family member will be looking for him, and others will wait, in case the family
cannot split

O Some of the family members will look for him and the others resume movement

Other (please specify)
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