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ABSTRACT

DESIGN OF MULTI AGENT BASED CROWD INJURY MODEL

Emin Kugu
Old Dominion University, 2011
Director: Dr. Jiang Li

A major concern of many government agencies is to predict and control the behavior
of crowds in different situations. Many times such gatherings are legal, legitimate, and
peaceful. But there are times when they can turn violent, run out of control, result in
material damages and even casualties. It then becomes the duty of governments to bring
them under control using a variety of techniques, including non-lethal and lethal weapons,
if necessary.

In order to aid decision makers on the course of action in crowd control, there are
modeling and simulation tools that can provide guidelines by giving programmed rules to
computer animated characters and to observe behaviors over time in appropriate
scenarios. A crowd is a group of people attending a public gathering, with some joint
purpose, such as protesting government or celebrating an event. In some countries these
kinds of activities are the only way to express public’s displeasure with their governments.
The governments’ reactions to such activities may or may not be tolerant. For these
reasons, such situations must be eliminated by recognizing when and how they occur and
then providing guidelines to mitigate them.

Police or military forces use non-lethal weapons (NLWs), such as plastic bullets or
clubs, to accomplish their job. In order to simulate the results of such actions in a
computer, there is a need to determine the physical effects of NLWs over the individuals
in the crowd.

In this dissertation, a fuzzy logic based crowd injury model for determining the
physical effects of NLWs is proposed. Fuzzy logic concepts can be applied to a problem

by using linguistic rules, which are determined by problem domain experts. In this case, a



group of police and military officers were consulted for a set of injury model rules and
those rules were then included in the simulation platform. As a proof of concept, a
prototype system was implemented using the Repast Simphony agent based simulation

toolkit. Simulation results illustrated the effectiveness of the simulation framework.
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CHAPTER 1

INTRODUCTION

1.1 Motivation for the Dissertation Research

A major concern of many government agencies is to predict and control the behavior
of a crowd upon different events. “4 crowd is a group of significant number of
individuals gathering for an event, doing same activities for a specific duration, and
eventually dispersing due to fatigue, the closure of the event, or involuntarily” [1]. To
resolve most crowd related problems, it is necessary to influence, orient and control
human flow by providing several control measures [2]. For these reasons such situations
must be eliminated by recognizing when and how they occur and then providing
guidelines to mitigate them. Modeling and simulation are tools that can provide these
guidelines by giving programmed rules to computer animated characters and observing
their behaviors over time in appropriate scenarios [3-4].

“In the last decade the threat has changed and future engagements are expected to
often involve lighter forces in urban setting.” [5]. Several military simulations have been
developed for different problem domainé to reduce the cost of education and for safety
issues. However, crowd models are absent from those military simulations. New military
simulations including crowd models are needed to simulate real urban area operations
[6-7].

To meet that requirement, The Virginia Modeling Analysis and Simulation Center
(VMASC) developed a multi-phase military simulation project that includes crowd
modeling. For military simulations, certain military standards, defined by the Department
of Defense, such as High Level Architecture (HLA) would normally be met by a crowd
modeling project [8]. A crowd behavior cognitive model, as a part of crowd modeling, is
still under development. The aim of the cognitive model is to simulate crowd behavior

under different circumstances.



In situations where crowd control is warranted, military or police forces are used to
manage the crowd and non-lethal weapons (NLW) may be optional tools. To make the
simulation more realistic, an injury model should be developed for different types of
non-lethal weapons [9]. The physical effects of each non-lethal weapon should be defined
in this injury model. The injury model has a close relationship with the crowd behavior
cognitive model since the effects of the non-lethal weapons also affect the psychology of
the crowd and become a decision making criteria [10-11].

In this dissertation, a multi-agent based model of crowd behavior is described by
using certain methods. Possible physical effects of the non-lethal weapons on the
individuals in a crowd were simulated based on the PMFserv injury model [12]. A novel
multi agent based crowd injury model, which uses the fuzzy logic concept as its

background, was also designed in this dissertation.

1.2 Summary of Dissertation Contributions

In this dissertation research, the physical effects of non-lethal weapons over individuals
in a crowd have been simulated by using a novel fuzzy logic design in the Repast
agent-based simulation toolkit. In order to simulate the physical effects of lethal or
non-lethal weapons, a mathematical model is needed and the PMFserv Injury Model
developed by Silverman [12] is used for such purpose.

The PMFserv Injury Model provides solutions for two types of non-lethal weapons
including club and rubber bullets. However, there are nine different types of non-lethal
weapons in the crowd modeling project. In this dissertation, we first implemented the
PMFserv Injury Model using Repast to simulate the results for these two types of NLWs.
Then, a novel fuzzy logic injury model was developed to cover the other types of NLWs.
This fuzzy logic model was also implemented in Repast Simphony for the proof of concept

and reasonable results have been achieved.



1.3 Specific Objectives

The specific objective of this research is to design a novel multi agent based crowd
injury model based on fuzzy logic. Another objective is to implement the proposed model
using the multi agent based simulation toolkit--Repast Simphony, and to test it for certain

cases to show its effectiveness.

1.4 Organization of the Dissertation

The remaining chapters of this dissertation are organized as follows,

Chapter II introduces the research background and related work. The PMFserv injury
model, which forms the basis of this dissertation, is discussed in this chapter. This chapter
also presents the work done by McKenzie [15], the incorporation of the PMF based
injury model into the multi agent crowd model and the crowd cognitive model. The High
Level Architecture (HLA), Fuzzy Logic concept, Agent Based Simulation (ABS) and
ABS toolkits with an emphasis on Repast Simphony, behavior modeling and simulation

framework are also discussed.

Chapter III discusses the Unified Modeling Language (UML) design of the PMFserv
Injury Model including the use case, sequence, activity and class models. An
implementation of the PMFserv Injury Model in Repast Simphony and the test cases are

also presented.

Chapter IV outlines the design and implementation of a fuzzy logic injury model,
which determines the effects of non-lethal weapons on crowd individuals. The most
important part of a fuzzy logic design is the determination of rules of its inference system

that requires domain expert knowledge.

Chapter V presents experimental results, Chapter VI presents a discussion on the

results, and Chapter VII concludes this dissertation.



CHAPTER 2

BACKGROUND AND RELATED WORK

2.1 Agent Design - An Injury Model Proposed by Silverman

Silverman conducted a complete literature review for injury model design based on
lethal and non-lethal weapons including its design, implementation and testing as briefly
listed below.

In the reservoir model [12], each agent has an energy reservoir with a capacity
decided by its reservoir level. If the level of the energy reservoir is below the predefined
threshold, the agent cannot do some specific tasks [13-14]. Five different parameters are
defined based on the Performance Moderator Functions (PMF) to decide an agent’s

energy reservoir level [12],

e Exertion

¢ Nourishment
o Injury

e Sleep

¢ Environmental Conditions

In this work, the motive capacity of an agent is divided into the following five categories

[12],

Healthy
Slowed and Dazed

e Limping Badly

e Incapacitated

e Dead
The parameters of an injury model can be defined using the following formula [12].

SI=f(Wt, We,R,B,E, V, t) 2.1
Where:

SI : Severity of the injury

Wt : Weapon type

Wece : Weapon capacity



: Distance from the source/injurer
: Part of the body affected

: Effort by the injurer

: Vulnerability of the injured

- < m zm ®

: Time

Lookup tables are used to decide the values of the parameters which are used to
calculate the motive capacity of an agent. Another key concept of the model is the
“Golden Hour” concept that is used to decide whether the injury will get better or worse
one hour from the onset of the injury. It is defined based on the combination of the
weapon type and weapon capacity. If the Golden Hour score > 1, then the injured person
will get worse. Otherwise, the injured person will get better. If the Golden Hour score is
equal to one, there is no change. For example, Silverman assumed that the Golden Hour
score was larger than one for all types of guns while it was smaller than one for a small
club. The final version of the formula then becomes [12]:

SI(t) = Skp * y(t) (2.2)
where

SIp : Time independent component (severity at the time of injury occurred)

y(t) : Time variation factor

Slp=SWt * SWc * SB * SV (2.3)
Here, time variation factor is decided based on the Golden Hour concept.

w(t) = 1™ (2.4)
where

K3 = 1- Golden Hour score (2.5)

2.2 Incorporation of the PMF-Based Injury Model into a Multi-Agent

Representation of the Crowd Behavior Model

In a riot, military or police forces use non-lethal weapons to manage the crowd.
McKenzie defined the types of these weapons and their physical effects on an activist
[15-16]. In addition, the integration of the PMFserv Injury Model and the crowd federate
was proposed.

A crowd federate is the combination of the cognitive layer, the physical layer and the



crowd behavior API [15]. Each layer has its own specific tasks. The cognitive layer
receives stimuli from the physical layer and decides a suitable behavior as a response to
the stimuli. Behaviors are carried out by the physical layer after receiving a decision from
the cognitive layer [17]. The physical layer also senses the environment for stimuli and
sends them to the cognitive layer. Another task of the crowd behavior layer is to
communicate with other federates via a Runtime Infrastructure (RTI). Figure 2.1

summarizes the architecture of the crowd federate.

{ HLARTI D
“S > &
<Yy L4
Cognitive Crowd Physical Control Force
Model Behavior API Model Models

Figure 2.1 Crowd Federate Architecture.

The Extended Markup Language Remote Procedure Call (XMLRPC) is used for
integration purposes between Crowd Federate and PMFserv [18]. XMLRPC is a set
program which is used to call a remote procedure from different platforms over the
internet. It uses the HTTP protocol for transportation and XML standards for encoding
purposes. A rubber bullet is used as a NLW and is aimed at the chest area for proof of
concept. Once the health value is lower than a predefined threshold, the individual from
the crowd falls to the ground. The individual then starts to recover and starts moving
again after its health value is above the threshold.

The most important part of this work is the definitions of the non-lethal weapons and
their possible effects on crowd individuals. There are several non-lethal weapons to be
used on crowded rebels by law-enforcements. They are categorized into nine basic types

by McKenzie as follows [15]:



2.2.1. Personal Armor and Shields
This category consists of those protection equipments rather than weapons such as
face mask, shield and other clothes. Figure 2.2 [19] shows examples of personal armor

and shields.

(a)Personal Armor. (b)Shields.
Figure 2.2 Personal Armor and Shields.

Even though there are no specific injuries associated with these kinds of components,
they have psychological effects on the crowd when they notice the law-enforcement

equipped with these gear.

2.2.2. Audio Equipment

Audio equipment is not often viewed as weapons like Personal Armor and Shields
are. Audio equipment is usually voice amplification equipment, which allow
law-enforcement to communicate internally with each other and/or externally with the
crowd, independent of environmental audio level. Figure 2.3 [20] shows an example of

an audio amplifier.



These weapons also do not have any physical effect but they may have psychological

effects on the crowd.

Figure 2.3 Audio Amplifier.

2.2.3. Short-Range Direct Contact NWLs

Any hand-wielded weapons which gets in contact with an individual in a crowd in
direct-touch range or a very short-range is classified in this group, for example batons
and disposable restraint systems. Figure 2.4 [21] shows a club and a double cuff

disposable restraint. They can slow down or harm the individuals if applied effectively.

(a) Club. (b) Double Cuff Disposable Restraint.
Figure 2.4 Club and Double Cuff Disposable Restraint.

2.2.4. Handheld Short-Range Chemical Dispensers

Handheld short-range chemical dispensers are a group of single operator, handheld



chemical dispensers who affect several people at the same time. The lifetime of these
chemicals are short and their effect on individuals should be calculated once for all

entities at the moment being fired. Figure 2.5 [22] shows a chemical spray used by police.

Figure 2.5 Chemical Spray.

The individuals in the crowd can be put out of action for a time period with these

weapons so a Golden Hour value of less than 1 is appropriate.

2.2.5. Direct Long-Range Non-Persistent

This category includes rubber bullets and active denial systems together with other
long distance dispensers of various non-persistent materials. Some of those weapons are
directly fired to a target in order to affect only that target. Figure 2.6 [23] shows an active
denial system and some rubber bullets [15-24]. Living human agents react immediately in

pain and the recovery period is usually short.
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ik
(a) Active Denial System. (b) Rubber Bullet.
Figure 2.6 Active Denial System and Rubber Bullet.

2.2.6. Indirect Long-Range Non-Persistent

Indirect long-range, non-persistent weapons have the same properties as direct
long-range non-persistent weapons, but they affect multiple people in a specific area.
Rubber ball grenades and disorienting flash-bang rounds are examples of this type of
less-lethal weapons. Figure 2.7 [25-26] shows the rubber ball grenades and the flash bang

rounds.

(a) Rubber Ball Grenades. (b) Flash-Bang Round.
Figure 2.7 Rubber Ball Grenades and Flash Bang Rounds.

Reaction and recovery periods are short as are those of direct long-range

non-persistent weapons.
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2.2.7. Long-Range Persistent
Long-range persistent weapons include persistent materials, such as gases, at long

distance. These materials may either be thrown or be cartridge in nature. Figure 2.8 [27]

shows color gases and cartridge.

(a) Color Gases. (b) Gas Cartridge.
Figure 2.8 Color Gases and Cartridge.

These types also have short reaction and recovery periods. However, these kinds of
weapon forces are expected to be able to keep the area clear for a longer period of time,
allowing the crowd to escape from the area. The crowd can join in another area if they are

motivated.

2.2.8. Deployed Hindrances
Deployed hindrances are passive weapons in nature. Once they are installed in an
area, they perform their functions without changing their states. Tire-damaging spike

strips or sticky foam are examples of this kind. Figure 2.9 [28] shows an example of a

spike.
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Figure 2.9 Spike.

The individuals from the crowd can be disabled for a period of time that would be

dictated by a Golden Hour value of less than 1.

2.2.9. Deployed Weapons

Deployed weapons need to be installed in an area before usage much like deployed
hindrances. They must be triggered before functioning by the control force at a certain
location. However, they function only if some events are triggered, and they are usually
disabled after the first usage. Rubber ball grenades with triggering timers are examples of
this type. “Reaction, injury, and recovery would be dictated by one of the above

associated categories” [15].

2.3 Crowd Cognitive Model

This model is still under development by McKenzie and Nguyen [1]. In this model,
social structures are determined at three levels [29]. Crowd factions are considered as
large scale structures and their purpose in a crowd event is highly abstract [30-31].
Individuals in crowd clusters are located in a specific area and they are affected by same
stimuli. Individuals of Family/Friends/Acquaintances (FFA groups) move together during
the crowd event. All structures in all levels have their own leader to guide its members.
Figure 2.10 shows the group types and their hierarchical relationship in a crowd event
[32-33].

Instead of participating in an event alone, individuals get together as a family, friends
or acquaintances to support crowd events. They reach their objectives as a group by
making decisions on the group level [34]. “The crowd behavior cognitive model

architecture has to be able to handle influences of a social (group) identity and individual
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(personal) identities in decision-making, leading to a multi-resolution approach towards

modeling crowd behavior” [29-35].

EVENT

Crowd Faction Crowd Faction
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e/ \& e/ \ @
Crowd Cluster Crowd Cluster
FFA FFA FFA FFA
N AN

Figure 2.10 Crowd Structure.

2.4 High Level Architecture (HLA)

HLA was developed by the US Department of Defense to provide a general
architecture for military simulations. The key responsibility of HLA is to define
interoperability standards among different simulation projects [36]. The baseline
definition of the HLA includes the HLA Rules, the HLA Interface specification, and the
HLA object model template [37].

Figure 2.11 shows the main functional components of a HLA federation. Federates
are any kind of simulations working on HLA backbone. Each federate in a HLA can
represent specific tasks but they must have common capabilities to establish data
exchange by using runtime infrastructure (RTI) services [38]. Each federate might be
written in different programming languages and may run on different platforms [12].

All communications among the simulations are done via RTL. RTI is an operating
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system that provides not only a set of services supporting the simulations but also
federation management support functions [39].

The HLA runtime interface specification provides a standard way for federates to
interact with RTI, to invoke RTT services to support runtime interactions among federates,
and to respond to requests from RTI [36]. This interface is implementation independent
and is independent of the specific object models and data exchange requirements of any

federation [40].

Data Collector ) ) Live Plaver
. . Simulations o
Passive Viewer Interface
oS rFe . £
INTERFACE INTERFACE
<> -9 4 A9 4
HLARTI

Figure 2.11 HLA Components.

2.4.1  HLA Object Models

“HLA object models are descriptions of the essential sharable elements of the
simulation or federation in 'object' terms.” [37] Since HLA provides the interoperability,
object models are intended to focus on the description of the critical aspects of
simulations and federations, which are shared across federation. All federates are required
to document their object model by using standard object model template [41], providing

open information for the community to facilitate the reuse of simulations [42].

2.4.2  HLA Interface Specification

The HLA interface specification is the descriptions of six runtime services provided
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by RTI to the federations. Each service has its own responsibilities [37-43]. These
services are:

e Federation management service

e Declaration management service

e Object management service

e Ownership management service

¢ Time management service

e Data distribution management service

2.43 HLARules

HLA has several mandatory standards defined by HLA rules. Rules are divided into
two groups: Federation and federate rules. All federations must have their own Federation
Object Model (FOM) which is created by using the Object Model Template (OMT) [44].
Federates use RTI to exchange information between each other [45]. “Based on the
information, federates must import and export information, transfer object attribute
ownership, updates attributes and utilize the time management services of the RTI when

managing local time.” [37]

2.5 Fuzzy Logic

Fuzzy logic was proposed in 1965 by Zadeh [46]. In the crisp logic concept,
everything is considered as “black or white”, i.e. “1 or 0*. On the other hand, the fuzzy
logic concept pays attention to the “grays”. “The question Zadeh always insists upon
asking is, to what degree is something true or false?" [47]. A real world problem can be
defined as its inputs and outputs by using linguistic variables in fuzzy logic. It is used
especially when ambiguity is common and when it is difficult to model the problem
domain [48].

Fuzzy logic is defined in three phases. In the first phase, crisp input values must be
fuzzyfied by using membership functions. Each input variable gets different membership
values within the range of [0, 1] in this phase. There are several membership functions

such as trapezoidal, Gaussian and triangular. In the second phase, a rule based inference
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system is used. The min-max inference method is often used. After the inference process,
all output variables get membership values within the range of [0, 1].

The key point of the fuzzy logic system is the definitions of the rules. All rules must
be defined by domain experts to resolve a problem accurately [49-50]. Rules are defined
as the IF-THEN structure. In the last phase, output variables must be defuzzified to get
crisp values. Max, singleton, average and centroid are candidate methods for
defuzzification [51]. A simple fuzzy logic washing machine could be designed as follows,

There are two types of fuzzy inference system in Matlab: Mamdani and Sugeno. In
this example, Mamdani type fuzzy inference system is used for illustration as shown in

Figure 2.12.

. Yeazhing lachinge
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Figure 2.12 Washing Machine Fuzzy Logic Design in Matlab.

The duration of the washing process is determined as a function of dirt level and

weight features of the clothes. The fuzzy set concept is a set without strictly defined
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boundaries [52-53]. The elements of a fuzzy set are the degrees of membership for the
inputs and the outputs of the system. Fuzzy sets for the input dirtLevel are low, normal,
high, for the input weight are light, normal, heavy and for the output time are short,
normal and long. Each fuzzy set has a specific membership function which is triangular
in this example. Here, crisp value ranges must be determined for all inputs and outputs.
The dirtLevel input gets a crisp value within the range of [0 and 10], the weight input gets
a value within the range of [0 and 9] and the output fime gets a value within the range of
[0 and 5]. The weight input has the unit of kilogram and the time output has the unit of
hour. The crisp input values are converted into degrees of membership for each fuzzy set.
Figures 2.13, 2.14 and 2.15 show the fuzzy sets and the membership functions for the

variables dirtLevel, weight and time, respectively.
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Figure 2.13 Membership Functions of Dirtlevel Input.
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After the membership values of the input variables have been determined, the fuzzy
inference process is done based on fuzzy rules. Definition for the fuzzy rules is very
important and must be done by domain expert. A fuzzy rule consists of two parts: an

antecedent part and a consequent part, as shown in Figure 2.16.

Antecedent Part Consequent Part

1 A
{ W 1

IF dirtLevel IS high AND weight IS heavy THEN time IS normal

Figure 2.16 Rule Structure.

A weight value within the range of 0 and 1 should be assigned to each rule. Fuzzy
operators AND and OR connect the input variables to shape the antecedent part of the
rule. There are two methods for the AND operator: minimum and product; while the OR
operator has the maximum and probabilistic OR. Each rule supports the output to a
different degree. The antecedent part states the degree of support of the rule once fuzzy
operators are applied. Figure 2.17 shows the rules used by inference process in washing
machine example. On the other hand, Figure 2.18 shows the mesh surface produced by

Matlab.
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Figure 2.17 Fuzzy Logic Rules for Washing Machine.

Figure 2.18 Washing Machine Mesh Surface.
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To identify the output fuzzy set, all of the rules are combined in the aggregation
process. There are three methods for aggregation: maximum, probabilistic or, and
summation.

The last phase of a fuzzy logic design is the defuzzification process. In this process,
crisp values of all output variables are produced from the fuzzy sets. The centroid method
is the most used defuzzification method in this phase. Figure 2.19 and Figure 2.20 show

how the crisp output values are produced for the sample crisp input values.
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Figure 2.19 Sample Output for Inputs: Dirtlevel =3.26 and Weight=3.23.
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Figure 2.20 Sample Output for Inputs: Dirtlevel =7 2 and Weight=8.22.

Basic features of fuzzy logic include:

e It is based on natural language

e [t is easy to understand

e It needs problem domain knowledge

e It can model nonlinear functions

e It is flexible.

Fuzzy logic can be used in different applications such as decision support, industrial

process control and consumer products [54].

2.6 Agent Based Simulation

Agent based simulation (ABS) 1s often used to simulate the behavior of an
autonomous agent and the interactions among a group of agents to illustrate their effects
on a system as a whole. The systems to be simulated may vary from micro to macro

levels and the behavior of an autonomous agent may produce very complex behaviors. It
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is sometimes called agent based modeling (ABM) or multi-agent systems. Although it
was developed in the 1940s, ABM was not used frequently until the 1990s because of its
computational complexity [40].

Each agent has its own behaviors and objectives depending on the system in which it
participates [55]. It also has an adaptation capability to change its behavior in a changing
environment [56]. An agent always senses its environment and makes independent
decision to reach its objectives in order to be autonomous. An agent has several features,
as follows [57-58].

e [t could be considered as an individual with some features and rules in addition to

its boundary to shape its behaviors and decision systems.

e An agent is an autonomous structure which can decide what to do under changing
circumstances.

e It has one or more objectives to achieve. It always checks if the objectives are
achieved after a behavior being conducted and tries to manipulate its behavior to
achieve its goals.

e It lives in an environment in which it interacts with the other agents, as well as the
environments itself. It is aware of what is happening in the surrounding areas.

e [t has learning capabilities. By using its memory, it can have experience.

Because of their complexity, most real life systems cannot be modeled by using
mathematical equations. Although agents have simple rules to make decision, complex
systems can be modeled by using different types of agents [59]. The whole system is
much larger than the summation of the agent capabilities. If an agent is considered as “1”,
for example, and three agents are used in a system, the total value of the system is usually
not equal to “3” but may be equal to 111 [60-61]. Sometimes, a simple agent-based model
can express complex behaviors and provide valuable information about the real-world
systems. An agent has a capability of taking independent decisions that means it is an
active component for the decision systems [4].

One of the most attractive features of ABM is its ease of implementation. It is easy to
implement but on the other hand, it is really difficult to decide the concepts used in the
system. To model a complex system, a deep system analysis must be conducted. In this

analysis, types of agents, rules of each agent type should be defined.
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ABM has several benefits. ABM can be in charge of extraordinary events [62]. An
extraordinary event can occur as a result of the communication between the agents. But,
by using their adaptive decision making features, agents can have responsibility of the
emerging problems [63]. For example, in a battlefield simulation, the behavior of an
opponent cannot be predicted. It is not easy to understand and to predict the unfriendly
behaviors in a battle game. ABM is a new approach to model emergent phenomena [64].
With ABM, one can model and simulate the behaviors of the system's agents and their
interactions, capturing emergence from the bottom up when the simulation is run [65].

ABM can describe a system naturally. In many cases, ABM is most natural for
describing and simulating a system composed of behavioral entities. Whether one is
attempting to describe a traffic jam, the battlefield, or how an organization works, ABM
makes the model seem closer to reality [66].

Agent Based Modeling is flexible. Systems can be modeled in a wide range from
simple to more complex structures by using ABM. A system can be extended by adding
new agent types or by changing the number of agents in a specific agent type. The rules
of interaction between the agents and the ability to adaptation to changing environment
can be controlled easily in ABM. In addition, the ability of changing levels of description

is another type of flexibility [67].

2.7 Agent Based Simulation Tools and Repast Simphony

There are several free open-source ABS toolkits developed by different consortia.
Repast (Recursive Porous Agent Simulation Toolkit), Swarm, MASON (Multi-Agent
Simulator of Neighborhoods) and NetLogo are the most popular. Many of them are
developed in Java or similar programming languages. If the agent does not have a
learning behavior then it is called proto-agent [68]. All the tools listed above provide
proto-agent designing capabilities [69]. Those tools also provide a proto-agent interaction
environment to develop complex ABM simulations.

Among the toolkits mentioned above, Repast is the most popular and widely used agent
based simulation toolkit. There are three versions of Repast for different platforms. Repast
Py is developed for Python scripting, Repast J is developed for Pure Java programming,
and Repast .NET is developed for Microsoft .NET framework. Repast Simphony is the
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latest version of Repast J. Repast Simphony offers users a rich variety of features including
the following [68],

¢ Fluid model component development using any mixture of Java, Groovy, and
flowcharts in each project.

e A pure Java point-and-click model execution environment that includes built-in
results logging and graphing tools.

e An extremely flexible hierarchically nested definition of space including the ability
to do point-and-click and modeling and visualization of both 2D and 3D
environments.

o A range of data storage "freeze dryers" for model check pointing and restoration
including XML file storage, text file storage, and database storage.

e Libraries for genetic algorithms, neural networks, regression, random number
generation, and specialized mathematics.

e An automated Monte Carlo simulation framework which supports multiple modes
of model results optimization.

e Built-in tools for integrating external models.

o Distributed computing with Terracotta.

e Full object-oriented.

In Repast Simphony, the location of the proto-agents is called its context. Context
includes all proto-agents that are used in an agent based simulation. The Repast
development team has developed a structure to provide an interaction space for
proto-agents and called it as projection. Another important term in Repast Simphony is
“context-sensitive behavior” which controls the behavior of a proto-agent in different
contexts.

Repast Simphony has a strong 3D visualization ability to show the results of

simulation by using Java 3D library.

2.7.1 Context

Context is the core data structure to hold proto-agents in Repast Simphony. Any kind

of object instances could be put into context. By adding several proto-agents into a
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context, an abstract population could be created [68]. Proto-agents are the population of
the context. But context does not provide an interaction structure for proto-agents. In the
crowd injury model, crowd individuals such as leaders, followers and control forces
would be the population of a context. A context may contain two or more sub-contexts.
Crowd factions could be thought as sub-contexts of the crowd context and clusters could
be thought as sub-contexts of crowd factions [70].

Context maintains not only proto-agents but also some generic data used by
proto-agents to interact with the context in which they are located. Time and coordinates
are the examples of data maintained by context [57]. A tick concept is used as a time
variable in Repast Simphony. The duration of each tick can be adjusted for each
simulation before it is run. An agent in a context occupies a location. Sometimes it shares
its room with the other agents no matter if they all come from the same agent type. A
proto-agent can move from one context to another based on the changes in its situation.
In this case, shifting may occur. One proto-agent can shift the other one to different
context by occupying its location. Figure 2.21 shows a context and a sub-context

structure.
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Figure 2.21 Context and Sub-Context Structures.

2.7.2  Projection

Since context does not provide an interaction structure among the proto-agents, a
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new structure is needed to handle that requirement. Projections are the structures to
control the interactions between proto-agents in a specific context. Projections are the
windows open to their environments for proto-agents. Various projections can be applied
to a context to represent different types of interactions between proto-agents. That means,
one proto-agent may have more than one interaction type in the same context. Grid and
network projections are the mostly used projection types in Repast Simphony. Figure

2.22 shows a 3D layout example in Repast.

Figure 2.22 3D Layout in Repast as an Example of Projection.

2.7.3  Context-Sensitive Behavior

As mentioned above, proto-agents can shift from one context to another for different
purposes. They could have different behaviors within different contexts. For example, a
member of a crowd faction could behave differently from a member of another crowd
faction.

“Context-sensitive behaviors can be implemented by creating watchers or triggers
for the behavior of the proto-agents. The modeler declares the particular circumstances

under which a certain behavior is executed.” [68] Watchers are used to monitor the state
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of an agent. Any changes appeared on an agent can be observed using watchers. Triggers
can be active on any state change. Based on the state change, proto-agents decide

different behaviors. Complex problems could be solved by using triggers in Repast.

2.8 Behavior Modeling and Simulation Framework for Crowd Simulation

Behavior modeling and simulation is done to design a behavior model to simulate a
crowd under different circumstances such as in an emergency [2]. An agent based
approach is used to represent each crowd individual’s decision making process that
consists of an agent’s awareness of the environment and updates of some features. In an
emergency situation, a person can chose to not obey the rules which regulate our daily
lives, especially if the emergency endangers his or her life. Researchers try to simulate
this kind of human behavior in the computer environment to predict the unwanted results
of the emergency situations [2].

There are two categories broadly used to model crowd behavior. In the first category,
a crowd is considered a collection of homogenous actors who behave as a result of simple
rules. Cellular automata and the particle system model belong to this category. Complex
human behaviors such as decision making are not handled by this kind of model. In the
second category, a crowd is considered as a collection of heterogeneous actors who have
decision making capabilities. An agent based model in which each individual is
represented as an agent is a good example for this category.

Bayesian networks, fuzzy logic, neural networks, and BDI (Belief, Desire, Intention)
are well known decision making frameworks, which are used in several applications.
They almost all use a mathematical inference system as a core. The main objective of this
work is to realize the natural human decision making process. A person’s emotion or
physical capabilities are effected by external stimulus such as climate, events and people.
In this framework, the awareness of context is key. Based on the changes in the
environmental variables, each agent updates its own features to save its health condition
by adopting those changes. To do this job, each agent should communicate with the
inference engine. Agents have several attributes in different areas such as emotional,
physical and social groups. These attributes determine the decision making and behaviors

under normal or emergency circumstances.
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2.8.1  Design of Behavior Modeling Framework

Behavior modeling consists of many works such as situation awareness, cognition,
population classification and coordination between the agents. The crowd behavior
module, the individual behavior module, and the physical behavior module are three
modules in this framework [3]. The framework also consists of two logical layers. The
upper layer is responsible for sensing the environment and making decisions on the
behavior of the agent. The crowd behavior module and the individual behavior module lie
on this layer. The physical behavior module stands on the lower layer and this layer is
responsible for the delivery of the sensor information gathered from the environment to
the upper layer. Another task done by this layer is the execution of the selected behaviors
as basic actions [2].

The crowd behavior module monitors the social relationships among the agents and
commits the required group and crowd level feature updates of the agent. The individual
behavior module evaluates the sensor information supplied by the lower layer and makes
related changes on the individual level features. The final behavior of the agent is defined
after the evaluation process of all of the attributes of the agent and it is sent to the lower
layer to be executed. The physical behavior module converts the final behavior of the

agent into simple actions such as run forward, turn, stand still and walk forward [6-7].

2.8.2  Development of Behavior Model

The first step of the simulation is the generation of the population by using the crowd
initializer. In this step, all agent types are created with different internal parameters such
as age, roles and social relationships. Once agents are created, they can sense the virtual
environment via the situation awareness module to see what is happening nearby. The
virtual environment is supplied by the virtual world database. Any changes in the virtual
environment may affect the attributes of the agents that play very important roles in the
decision making process [71]. The changes on the attributes are evaluated by the
inference engine to decide what to do in the next step. Possible behaviors are stored in the
behavior repository and the inference engine selects the suitable behavior from that

repository [72]. Behaviors are executed by the behavior execution module in the
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simulation. Figure 2.23 shows the crowd simulation architecture.

Agent Behavior
Crowd P Repository
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Inference Engine
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Other Agents Visualization

Figure 2.23 Crowd Simulation Architecture.

The situation awareness module uses different methods to obtain the information
about the environment through sensing, reasoning and memory. Sensing is done by the
query of certain radius in the virtual world database. The results of the query might be
external objects (sales, threat), significant objects (shop, exit) and relevant people (family,
acquaintances, leaders and casualties). The reasoning method observes the spatial domain
and the present situations of the other agents to decide the distance from the threat or
emotional states of near agents. An agent has a list that contains the virtual objects it is
encountered [56-16].

An agent has two types of attributes: static and dynamic. Static attributes are used to
save the characteristic features of the agent while dynamic attributes are used to save
emotional, physiological ones. Dynamic attributes might be changed by the effects of
external events and these attributes affect the individual and group level behaviors. Static

and dynamic attributes are listed as follows [2],



Static Attributes:

Knowledge Level
Attraction Tendency

Threat Vulnerability

Time Pressure Susceptibility
Relationship Type

Group Id

Altruism Level

Avoidance Level

Dynamic Attributes:

Physiological

o Health Level

o Energy Level

o Sensing Range

o Walking Speed
Emotional

o Attraction Intensity

o Panic Intensity

Social Group Attributes.
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CHAPTER 3

IMPLEMENTATION OF THE PMFSERYV INJURY MODEL FOR

MULTI-AGENT CROWDS

The objective of this dissertation is to develop a multi-agent crowd simulation to
visualize the effects of non-lethal weapons on crowd individuals by using the Repast
Simphony multi-agent simulation toolkit. The injury model has a close relationship with
the crowd cognitive model, which is still under development. Both models share some
structures such as the crowd and group structures.

The PMFserv injury model is the base of this work to determine the effects of NLWs
[73]. PMFserv uses lookup tables to store the parameter values of the injury formula.
Equivalent java classes are created in Repast in this design. NLW types are defined based
on McKenzie’s work [12]. PMFserv was designed for five types of weapons not covering
all the NLW types defined by McKenzie. Therefore, the definition was extended to cover
all the types. Crisp logic was used in PMFserv to simulate injury models while a fuzzy
logic design is utilized to make the simulation more realistic in this dissertation.

Design of the injury model was done by using the UML that is a common language
in software engineering. Visual paradigm UML 6.4 (enterprise edition) was selected as
the UML development platform in this work. All details must be considered and all cases
must be handled in this phase.

In Repast implementation phase, the grid projection style was selected to represent
crowd and control forces for simplicity. After the grid projection implementation, all the
agents could be put on a geographic information system (GIS) base [74]. Both projections
were used to calculate the distance between the control forces and crowd individuals.

The following sections include the UML design of this work.

3.1 UML Design

UML is used to specify, visualize and document the artifacts of an object-oriented

software-intensive system [75]. UML offers a standard way to write a system's blueprints
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including conceptual components such as,
e Actors,
» Business processes, and

e System's components, and activities.

A weapon effects system is a part of the implementation of crowd injury model. It
receives the information including weapon type, part of body and distance from the
physical system and, after the calculations are made based on PMFserv injury model and
then sends the motive capacity of the individual to the physical system. The weapon
effect system also sends the stimuli to the cognition system. The cognition system accepts
stimuli from the other systems and decides an appropriate behavior for the individual

[76-77].

3.1.1  Use Case Diagram

In software engineering, a use case diagram in the UML is a type of behavioral
diagram defined by and created from a use-case analysis. Its purpose is to present a
graphical overview of the functionality provided by a system in terms of actors, their goals
(represented as use cases), and any dependencies between those use cases [78]. The main
purpose of a use case diagram is to show what system functions are performed for which
actor. Roles of the actors in the system can be depicted. Figure 3.1 shows the injury model

use case diagram [79].
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Figure 3.1 The Injury Model Use Case Diagram.

Use Case: Control Force Shoots NLW System

The objective of this use case is the activation of the NLW system. Control forces
initiate this use case. They can choose any of the systems to activate based on the
situation. This use case determines the amount/extent of force applied to the target. The
target may be a leader, a follower, or a group. A control force sends information, such as
target and amount/extent of force to be applied, as a message to this use case.

In addition to the target information, some special parameters specific to nine
different weapon categories are needed by this use case. Table 3.1 shows the weapon
scores and Table 3.2 shows weapon capacity scores imported from the PMFserv Injury

Model [12].
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Table 3.1 Weapon Type Scores.

Weapon Type Score
Club 85
Gun 100
Rubber Bullet 40

Table 3.2 Weapon Capacity Scores.

Weapon Capacity Score
Large 20
Medium 18
Small 15

Use Case: Leader Hit By NLW

The objective of this use case is to determine the motive capacity of a leader based
on the damage inflicted. A leader initiates this use case when hit by an NLW. The leader
sends its personal and NLW system information to this use case as a message. This use
case has an association with the other use cases: “Determine Damage Capacity” and
“Determine Effects of Damage”. It initiates “Determine Damage Capacity” use case. It
receives damage range value from this use case and initiates “Determine Effects of
Damage” use case. It receives health/damage status from this use case and sends it to a
leader agent [80].

In the PMFserv injury model, look up tables are used to decide the vulnerability
score of an injured leader based on age and health status. The younger and healthier the
leader is, the lower vulnerability score he gets. Table 3.3 shows the vulnerability scores

for a leader/follower while Table 3.4 shows body part scores [12].

Table 3.3 Vulnerability Scores.
Vulnerability Score
Old/ Infirm 1.2

Young / Healthy 1.1




36

Table 3.4 Body Part Scores
Body Part Score
Head 50
Limbs 25
Trunk 40

Use Case: Follower Hit By NLW

The objective of this use case is to determine the motive capacity of a follower based
the damage. A follower initiates this use case when hit by an NLW. The follower sends its
personal and NLW system information to this use case as a message. This use case has an
association with the other use cases: “Determine Damage Capacity” and “Determine
Effects of Damage”. It initiates the “Determine Damage Capacity” use case by sending
the target and NLW information as a message. It receives the damage range from this use
case and initiates the “Determine Effects of Damage” use case by sending status of agent
and damage range information as a message. It receives health/damage status from this
use case and sends it to the leader agent.

In the PMFserv injury model look up tables are used to decide the vulnerability score
of an injured follower based on age and health status. The younger and healthier a

follower is, the lower vulnerability score received.

Use Case: Observer Sees NLW Hit

The objective of this use case is the determination of the cognitive attitude of the
observer. An observer initiates this use case. The crowd injury model creates a
communication channel with the crowd cognitive model via this use case. Behavior of the

observer is decided by the cognitive model [81].

Use Case: Determine Damage Capacity
The objective of this use case is to determine the range value of damage that can
occur based on target and NLW systems. Either the “Follower Hit by NLW” or the

“Leader Hit by NLW” use cases can initiate this use case. This use case determines the
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damage range and sends it back as a response. Based on the distance between the control

force and the follower/leader, the weapon efficiency is decided.

Use Case: Determine Effects of Damage

The objective of this use case is to determine the effects of damage based on damage
range and status of an agent. Either the “Follower Hit by NLW” or the “Leader Hit by
NLW?” use case can initiate this use case. They send damage range value and status of the
agent to this use case. This use case determines the health/damage status and sends it
back.

This use case decides the motive capacity of agent based on the PMFserv Injury
formula as [12],

SI(t) = Sl * y(t) 3.1

Slp : Time independent component

y(t) : Time variation factor

SIp : =SW*SW_*SB * SV (3.2)
Time variation factor is decided based on the Golden Hour concept.

w(t) = 1-e*D (3.3)
where

K, = 1- Golden Hour score 3.4

Table 3.5 shows overall scores and corresponding motive capacities.

Table 3.5 Overall Scores and Correspondence Motive Capacities.

Score Range (SIy)
Score Motive Capacity
From To
1 Healthy 0 20000
2 Slowed and Dazed 20000 40000
3 Limping Badly 40000 60000
4 Incapacitated 60000 80000
5 Dead 80000 120000
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3.1.2  Activity Diagram

An activity diagram is a loosely defined diagram for showing workflows of stepwise
activities and actions, with support for choice, iteration and concurrency. In the UML, an
activity diagram can be used to describe the business and operational step-by-step
workflows of components in a system. The activity diagram shows the overall flow of
control [82].

In this dissertation’s injury model, activities start with the activation of the NLW
system by a control force. A control force shoots the NLW system and the system
determines if the target is hit. If the target is missed, the observer in the system become
aware of the shot of the NLW. The observer can change his/her mind based on the power
of NLW shot and his/her mood to decide if he/she wants to run away from the area.
Therefore, mood status of the observer must be updated in this case [83].

If the target is hit, the system then decides if the target is a leader or a follower. In
both conditions, parallel activities can occur. The observer can see this hit and change
her/his mood based on effects of NLW on the target. The observer can also determine the
damage capacity of the NLW system on the target and compute the exact effects of the
NLW system on the target. Once the effects of NLW system are determined, the system
updates or changes the health and mood status for all agents. Figure 3.2 shows the injury

model activity diagram [79].
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Figure 3.2 Injury Model Activity Diagram

3.1.3  Sequence Diagram

A sequence diagram in UML is an interaction diagram that shows how processes
operate with one and another and in what order. Sequence diagrams are sometimes called

event-trace diagrams, event scenarios or timing diagrams [84].
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In this design, there are two sequence diagram scenarios depending upon whether the
target is hit or not. Figure 3.3 shows the scenario when the target is hit. A control force
agent sends a message to the NLW System to activate it. This message includes weapon
type and weapon capacity information. Because the target is hit, the NLW system sends a
hit message to an individual, who could be a follower or a leader. The individual then will
require the damage range information that is determined by the damage determination
system based on which part of the body is affected and the vulnerability information sent
by the individual. The damage range determination system then sends a message to the
effect determination system for determining the effects of the NLW system [85].

All parameters including the distance between the NLW system and the individual are
now available for the effect determination system to determine the effects of NLW system.
Once determined, the determination system then sends the motive capacity information to
the individual and the individual agent updates its motive capacity. Observer agents are
informed about the hit message sent by the individual and they then send an
observeNLWHit message to themselves. After that, they update their mood status

depending upon the new motive capacity of the individual [79].
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Figure 3.3 Injury Model Sequence Diagram Case 1: Target Hit.
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Figure 3.4 shows the second scenario: Missed Target. In this case, a control force
sends a message to the NLW system again to activate it and inform the NLW system that
the target was missed. Observer agents are informed about the missed target via a message
sent by the NLW system and they send an observeNL WMiss message to themselves. After
that, they update their mood status depending upon the weapon type [79].

Control Force Chserver
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Figure 3.4 Injury Model Sequence Diagram Case 2: Missed Target.

3.1.4 Classes

There are two agent classes in this work: police and resister. A police agent is used to
represent control forces while a resister agent is used to represent crowd individual in a
riot [86]. In addition, the Modellnitializer class is used in the initialization phase in the
simulation. Repast Simphony allows the users to create thousands of these agents which
are very