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Abstract

The aim of this thesis is to propose a simulation approach, in context of systems of systems. The

simulation approach have to be proposed in context of crowd management in sporting events

SoS. The simulation aims at evaluating the SysML models that represent the concrete architec­

ture and analysing the overall behaviors of SoS in different event venues. The main purpose of

doing so is to detect capability gaps, or mission tactical gaps according to the overall mission

effectiveness parameters (e.g.response time to an emergency, crowd control criteria, etc.). Sim­

ulation results help the SoS SE engineers to predict the effects of certain courses of action, and

therefore to decide how to react optimally to a situation.

Keywords: System of systems, Simulation, Model, Crowd management.



Résumé

L’objectif de ce mémoire est de proposée une approche de simulation dans le cadre de la gestion

des foules dans les SoS d’événements sportifs. La simulation vise à évaluer les modèles SysML

qui représentent l’architecture concrète et à analyser les comportements globaux du SoS dans les

différents lieux d’événements. L’objectif principal de cette opération est de détecter les lacunes

de capacité ou les lacunes tactiques de la mission en fonction des paramètres globaux d’efficacité

de la mission (par exemple, le temps de réponse à une urgence, critères de satisfaction de la

foule, critères de contrôle des foules, critères de coût, etc.). Tout en tirant parti des résultats de

la simulation, les ingénieurs de SoS permettent de prédire les effets de certaines pistes d’action,

et donc de décider comment réagir de manière optimale à une situation.

Les mots clés : Système de systèmes, Simulation, Modèle, Gestion des foules
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General introduction

Context

Systems of Systems (SoS) encompass a group of independent and distributed systems which,

through synergism between them, work together towards a common mission [1, 2]. The SoS

SE literature addresses a wide variety of application domains such as commerce, transportation,

healthcare and military [3], where independent and heterogeneous systems, often preexisting are

implied to deliver a service. Crowdmanagement is also an example of SoS [3]. It aimed at devel­

oping an integrated crowd control system during temporary events of mass transit, such as sports

events or political meetings [3]. It involves several constituent systems such as organizations

(Command and control center, fire brigade, Police, etc.), humans (stewards, decision makers,

fire fighters, etc.) and technical systems (sensors, communication means, etc.)

Modeling and simulation represent a promising path for the development and analysis of

systems of systems [2]. While modeling allows SoS engineers to control the overall complexity

of SoS, to reveal and document its structure and behaviour, and to communicate these to stake­

holders [4], simulation can be used to demonstrate these models from various point of view.

Simulation in SoS SE can be used to engineer the integration of a system into SoS [1], to avoid

the undesirable emergent behaviour, to evaluate the ability of an architecture configuration to

accomplish the specified SoS mission [5], or to identify the key factors that influence overall

SoS performance [6].

Problem Statement

Although several contribution in context of Modeling and simulation for SoS SE have been

proposed, it is still an emerging research field. Several model based contributions have been

proposed, which often are based on the SysML (SystemModeling language) [7]. Unfortunately,

1



few of these propositions consider simulation. We quote as an example the work of [7], which

proposed amission orientedmodel based approach tomodel an acknowledged SoS using the SoS

SE wave model and the SysML language. The approach was validated by proposing different

models for the crowdmanagement in sporting events case study, but no simulation was proposed

for these models. In case of crowd management, simulation is interesting for: (1) to ensure that

the SoS is able to give a fast response and suggest the best way to evacuate crowds safely and

efficiently when emergency (such as fires and earthquakes) occurs, (2) to assist designers in

evaluating risk and maximizing safe design of architectural space, (3) to detect key factors that

can influence the SoS performance.

Objectives

The aim of this work is to propose simulation approach in context of crowd management in

sporting events. This work is to be done in context of an existing approach. The simulation

aims at evaluating the SysML models that represent the concrete architecture, and analyzing

the overall behaviors of SoS in different event venues. The main purpose of doing so is to

detect capability gaps, or mission tactical gaps according to the overall mission effectiveness

parameters.

Thesis structure

This manuscript will be presented in four main chapters as follow:

– Chapter 1: this chapter present a general idea about the history of SoSs, while focusing

on its characteristics, types, and the different modeling and simulation techniques.

– Chapter 2: this chapter present a general idea on the crowd simulation methods used, its

applications, and challenges.

– chapter 3: in this chapter we give an overview of our simulation approach, with a basic

crowd management case of sport event SoS model.

– Chapter 4: this chapter we show the implementation details and the performance analysis

of the different simulated scenarios .
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Chapter 1

System of systems

1.1 introduction

In this chapter, we present an overview of Systems of Systems (SoS), from its historic appearance

and definition, to its simulations approaches: DE (Discrete event), SD (System Dynamic), AB

(Agent based), and multi­method. While passing by the important concepts that characterize a

SoS, and its major types. Finally, we present the modeling approaches that were presented in a

wide variety of publications, to capture SoS behaviours easily, in order tomanage the complexity

that the SoS and its constituents systems brings.

1.2 System of systems definition

There is no specific and broadly acknowledged definition of a SoS, between experts that bound

SoS into a specific field, making it hard to pin point the field exactly. The literature is numer­

ous, and there are many attempts to define and characterise System of systems to achieve some

resemblance [8, 9, 10, 11]. Systems are a group of interacting entities natural or human made,

they range from simple to complex defined by their structures and purposes that they express

through their functions. Most of the literature defined the meaning of SoS as a set of systems

that work together to create a more complex system that achieve goals none of the constituent

systems can achieve alone [1, 2, 12]. Figure1.1 below shows an example of search and rescue

SoS and the constituent systems that are involved.

We can see in the Figure1.1 that several constituent systems are included in the SoS, such as:

the available resources of the Swedish Maritime Administration (SMA), a life raft that indicates
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CHAPTER 1. SYSTEM OF SYSTEMS

Figure 1.1: example of an SoS (search and rescue) [12]

a Last Known Position (LKP) and gives a distress call which is forwarded to SMA’s Joint Rescue

Co­ordination Centre (JRCC), and the different information circulating among the constituent

systems.

1.3 Historical overview of System of systems definition

Boulding’s publication on general systems theory, was one of the first adopter of the term “sys­

tem of systems”. Even though the early thought of SoS originated from different sources [13].

In Boulding’s paper, the SoS concept is stated as “the arrangement of theoretical systems and

constructs in a hierarchy of complexity”. He also characterises SoS as dynamics, between sys­

tems structure that make the whole SoS adjust and evolve over time, as he describes SoS as a

“open system” that can be affected by different events[13]. A lot of Boulding’s work on systems

theory state a lot of similarity, according to recent system of systems concepts, later on a bunch

of Systems concepts started to be characterized as SoS like urban city planning, System science

structure and biological systems [14, 15, 16].

In the late 80s (1980), the united states strategic defense initiative (SDI) turned into an im­

portant source in setting up the floor for SoS, to be an engineering concept focused on linking

independent systems with each other, to create a more complex system that achieve new goals

[17]. This advancement led to improved awareness toward system of systems in an academic

and industry aspects, overall SoSE took 15 more years of maturity, to be considered as a disci­

pline [2]. By the early 21st Century, SoSE is still viewed as being in its earliest stages [18].

4



CHAPTER 1. SYSTEM OF SYSTEMS

1.4 System of systems Characteristics

Many characteristics were proposed in the literature to distinguish SoS from monolithic system.

We will discuss them in the following.

1.4.1 Maier’s characteristics

Maier characterisation of system of systems are represented in five major point with the acronym

“OMGEE” [19]:

– Operational Independence. Each constituent system of the SoS is autonomous and have

the ability to function outside of the SoS.

– Managerial Independence. Even though the constituent systems of a SoS cooperate with

each other for a common goal, each cs have the ability to self­manage their operational

purpose within a SoS.

– Geographic Distribution. The CS working together in a SoS are distributed over a geo­

graphical extent. In addition, the collaborationwithin systems can be by exchanging infor­

mation and not a significant amount of their entities, or whatever those systems specifics

are therefore, they remain different systems.

– Evolutionary Development. The development of an SoS is evolutionary in a way that its

functionality can be under continuous change, these functionality can be added or removed

with experience. Therefore, a SoS is never at it final form.

– Emergent Behaviour. The emergent behaviour is a result of the work of the constituent

systems collaboration with each other to achieve new goal that none of the constituent

system can do alone.

1.4.2 Boardman and Sauser characteristics

Boardman and Sauser, also worked on a characterisation that separate monolithic systems from

a SoS and pointing to the ability to merge standalone systems with existing systems to form

SoSs [20]. They identify five characteristics with the acronym “ABCDE”:
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– Autonomy. This characteristic looks a lot like Maier second characteristic “Managerial

independence”, where each system is autonomous and independent with the ability to

self­govern itself within the SoS.

– Belonging. where constituent systems cooperate to achieve a common SoS goal even if

it means losing some their functions.

– Connectivity. To achieve SoS common goals the constituent systems must be linked with

a powerful and dynamic network therefore connected with each other.

– Diversity. The constituent systems are diverse and different from one another with the

openness for evolvement.

– Emerging. This characteristic also look a lot like Maier last characteristic “emergent

behaviour”, where the collaboration and the interaction of the constituent systems bring

on new functions and behaviour that its special to the SoS as whole.

1.4.3 Abbott’s characteristics

Abbott argues that the naming system of systems should be saved for systems that are unique

and modern. In addition, a SoS should not be viewed as a chain of systems where some systems

must be at the top of others, but as a place where systems exist and new ones can join to function

and interact within it [21], Abbot defines Three characteristics of this place as follow:

– Open at the top. This characteristic is important so that SoS not viewed as a hierarchy,

where some systems must be at the top because an open SoS at the top is able to add

additional systems without any interference with any top level systems.

– Open at the bottom. Mean the ability of the SoS to change, or adapt some of its CS

functionality in order to achieve the SoS purpose. like adding links for communications

purposes between the systems.

– Continually evolving. Meaning that the SoS and its Constituent systems are continually

evolving depending on the time technology, so the SoS is never in its final form.
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1.5 System of systems dimensions

Even though SoS lack an exact definition, the literature offers a lot of SoS description properties

like the Maier, Boardman and Sauser, and Abbott. The characterisation shown above in section

1.4, draws the first lines of a SoS space. These characteristic share some familiarity with each

other. Claus Ballegaard Nielsen et al. Put out eight dimension for the SoSs based on the fa­

miliarity of the SoS characteristics that has been published in [2] (e.g. the term “independence”

this characteristic can be found on Maier [19] “Managerial independence” and on Boardman

and Sauser [20] ”autonomy” characterisation).

1.5.1 Autonomy of Constituents

Autonomy is the ability to self­manage or govern by a system specific rules, the system is free

from any external other constituent systems rules within the SoS, that make each system own­

ership its own. This characteristic is on Maier as Managerial independence [19] which demand

from the systems the ability to self­govern itself within the SoS with their own rules. In Keating

et al [18] is stated that “the Autonomy of constituents systems is important to SoS engineer­

ing”. Boardman and Sauser [20], autonomy states to the ability of the constituents systems to

be independent with the ability of self­control outside the SoS. Cook also admits the need of

independence like Maier and the need of Constituent systems to be “purposeful” and have their

own goals [22].

1.5.2 Independence

Independence is the ability of the constituent systems to function outside of the SoS. This func­

tion can relate the whole SoS goal, and other can be not related (independent) of it [2]. This

characteristic is mentioned on Maier as operational independence [19], also mentioned by Kry­

giel as the ability of the cs to preform independent action outside the SoS [23], and by Jamshidi

with the line “systems are independently operable” [24]. Sharawi et al. also mentioned that the

independence of the cs activities and functions are critical to the SoS definition [10].

1.5.3 Distribution

Distribution is when the constituent systems are not sharing the same place and different from

one another, so that some form of connection or medium is needed for communication and
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data sharing, distribution is described in Maier characteristic as geographic distribution [19]

where systems are geographically distributed from each other’s. Shenhar [25], describes this

characteristic as the need of systems to be geographically distant within the SoS, as of Kotov in

his characterisation he mentions the need of physical separation between the cs [26]. Finally,

Manthorpe [27], describe this characteristic, as a spreading of data is necessary between cs,

which could mean that each cs have to own his data and share it with other systems via some

kind of connection.

1.5.4 Evolution

Most of all SoSs have a long timeframe of usage and are subjects to many modifications in its

functionality or in the constituent systems involved. Maier [19] defined this characteristic as

evolutionary development, and Carlock and Fenton [28] use the meaning the lack of permanent

state of the SoS to identify evolution. Carney et al [29], Crossley [30] and Despotou et al [31]

define evolution as continuous steps of changes and upgrades that the constituent systems goes

through. Abbott [21] used the term continually evolving.

1.5.5 Dynamic Behaviour

Dynamic behaviour is the ability for a SoS to change its structure of functions without arranged

interference, unlike the evolution dimensionwhich is the ability tomake a planned changes to the

SoS. Only a few publication recognise this characteristic as an important one for a SoS especially

when dealing with faults or threats that can hit our SoS. Boardman and Sauser [20] refer to this

characteristic where he stated that “dynamic determination of connectivity” is necessary for the

autonomy of the cs to connect and disconnect them in real­time. Crossley [30] looks at the SoS

as a dynamic of entities, while Schneider and Trapp [32] present a real­time safety structure that

dynamically reconfigure an open SoS.

1.5.6 Emergence of Behaviour

Emergent Behaviour refer to the new behaviour that emerge as a result of the collaboration be­

tween the constituent systems within the SoS, that none of the constituent systems could achieve

on their own, Maier [19], and Boardman and Sauser [20], refer to this characteristic straight for­

ward as emergent behaviour. In addition, Abbot [21] stated this characteristic as a need of an
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opens to the SoS.

1.5.7 Interdependence

Interdependence is the common dependency between the constituent systems to achieve the

shared goal that the SoS provide, this goal is the main focus of the constituent systems that each

cs can sacrifice some of its function for the reason to be within the SoS. This characteristic can

be found on Krygiel publication with the term “Interdependence” [23], and “interdependencies”

between the cs by Sage and Cuppan [33], and the same term is used from Bar­Yam et al [34].

These last two authors stated that even though the “independence” characteristic with the “in­

terdependence” seem contradictory, but the SoS constituent systems must make the necessary

trade­offs between the level of independence and interdependence to achieve the common goal.

1.5.8 Interoperability

Interoperability is the capability of the SoS to merge a diverse systems to it, this will bring up

the need for a an interface able to link these heterogeneous systems together. Interoperabil­

ity characteristic appears in Shenhar [25], as the ability of different systems to function with

each other, by Manthorpe as “the integration of capabilities between the cs” [27], by Krygiel as

“interoperability and integration“ [23], by Carlock and Fenton and Cook [28, 22] by the term

“heterogeneity”, and by Abbott by the term “open at the bottom” [21].

1.6 System of systems dimension mapping

With the SoS characterisation and the dimension section it’s clear that the SoS space is vast and

the publication is there to prove it. Nilsen et al [2] provide figure 1.2 below that show a table

containing the eight dimension section as an image these dimension will be as stated by different

authors publication of definition and characterisation(e.g. Maier, Abboot characterisation…) of

the SoS concepts. As we can see from Nilsen et al survey the “Evolution”, the “Emergences

behaviour”, and “Interoperability” characteristic are used more than the others characteristics.

Nilsen et al [2] commented on this survey result as, “not unexpected”, and the reason for that

can be that theses concept are hard to understand with SoS domains being in their earliest stages

[18], which bring the necessity from different authors to give them more attention than the other

characteristics. They also commented on the other results that contain low number of mentions
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Figure 1.2: SoS dimensions mapping [2]

from other authors as, even though characteristic as “dynamic behaviour” and “distributed” are

more knowledgeable between some authors, that does not mean they are not significant among

the other characteristics that why some of these characteristic are mentioned in the publication

regarded of the authors direction. (e.g. “evolution” and “emergence behaviour” are charac­

teristic of a SoS as a whole, while “independence” and “autonomy” are characteristic of the

constituent systems rather than of the SoS as a whole.). Nilsen et al also point out the variety in

the characteristic that the different publications hold which prove the rich contributions on this

domain, and the new publication incline to have more of this characteristics than the old ones

[2].

1.7 System of Systems Categorisation

The US department of defence put out four types of SoSs [35]:

– Directed. Directed SoSs are made to realize specific purposes. Even though the con­

stituent systems have the capacity to operate independently, but they are managed to

achieve the SoS goals
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– Collaborative. Collaborative SoSs does not have a clear central management, the con­

stituent systems are independent but they cooperate voluntarily to achieve the common

SoS goals.

– Acknowledged. Acknowledged SoS constituent systems are independent in their de­

velopment and goals they are separate organization from the SoS, the success of the ac­

knowledged SoS mission depends on the cooperation between the SoS and the constituent

systems.

– Virtual. Virtual SoSs are characterise with the lack of central management or goals or

both, which make the constituent systems behaviour or goals emergent.

Maier was the one responsible on defining three of these types [19], while later on the “ac­

knowledged” SoS was defined by Dahmann and Baldwin[36] because it contain cases found

in many military systems. Both these authors categorise SoS based on the degree of central

management to help system of systems engineers select the best design approaches for SoSs [2],

where in the “directed” SoS the constituent systems are one with the central management and

the other types have none or some central management influence [17]. “Collaborative” SoS cen­

tral management have no way to enforce decision because its barely exist within the SoS [17].

“Virtual” SoS central management doesn’t exist [17]. While the “acknowledge” SoS tries keep

the relationship between the central management and the constituent system somewhat separate,

with maintaining the collaboration to achieve the SoS goals [36].

1.8 System of systems modeling

A model generally take many forms. It can be a graphical drawing, text, mathematical formal­

ism, or all of the above. The main purpose in creating a model is to replicate and capture a

specific characteristic of our study targets, in order to observe specific behaviours and easily

manage complex systems [37]. The area that capture systems behaviour is known as Model­

Based Systems Engineering (MBSE).

1.8.1 System of systems engineering

System of systems engineering (SoSE) concepts are being used to develop, design, analyse

and capture SoS capabilities by the SoS engineering community. Modeling Languages like the
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unified modelling language (UML), and systems modelling language (SysML) can be found at

the core of some MBSE approaches, and are used by different publication in creating models

which capture concepts and relations for complex systems and SoSs like the study shown here

[38, 7]. Ontology is also got adopted by many engineering field like SoSE, SE, and it being used

to model systems by using different terminologies and viewpoint [39], ontology is the domain

that represent knowledge and how to parse it through understanding its content [40].

The SoS complexity raises from its characteristics and types. Complex SoSs often comewith

high complexity, and a lot of viewpoints (e.g. Operational, services, strategic, capability…) [41],

each of these views aim to facilitate the management of complex systems, with a lot of systems

specific data and descriptions. These type of SoSs can be found in many military systems and

require in­depth modelling approach [42]. Capturing these views is usually done with enterprise

architecture frameworks. The department of defense architecture framework (DoDAF) is the

architectural framework for the us department of defense (DoD) [43], the ministry of defense

architecture framework (MoDAF) is for the uk ministry of defense (MoD) [44], there is also the

NATO (North Atlantic Treaty Organization) architecture framework (NAF). Recently, a new

architectural framework called the unified architecture framework (UAF) have emerge with the

interoperability between nations and UML with SysML integration at its core [45]. With this

many MBSE approaches, as stated above in the SoS categorisation section1.7, deciding on the

perfect model approach by system of systems engineers is very dependent on the SoS scale and

type [2].

1.8.2 System of systems engineering wave model (life­cycle)

The complexity of SoSs is known subject by SoS engineers, which make its development cycle

a challenging process, that can’t be done in a single wave. Trying to capture all of the SoS and its

cs capabilities with all the upgrades, require continuous development cycle, that are represented

in SoSE wave model (life­cycle). SoSE wave model is an iterative process that involve six steps

in the first cycle [46]. First, Initiate SoS, initiating the SoS require from the engineers to provide

essential SoS information that set the floor for SoS devolvement (e.g. SoS goals…). Second

step, conduct SoS analysis where the engineers identify key points like the SoS performance

measure, risks and mitigations that will be necessary on later steps. Third step is developing

SoS architecture where engineers start developing the SoS architecture depending on the in­

formation gathered in earlier steps. Fourth is planning SoS update by evaluating SoS priorities
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and setting up the next SoS update wave. Fifth implementing SoS update where engineers

implement and observe the cs implementation. Finally continue SoS analysis, by revisiting

key information of the SoS and its states. This will conclude the first cycle as shown in figure

1.3. It represents the SoS wave model. The next cycle will start from the last step continue SoS

analysis.

Figure 1.3: SoSE wave model [46].

1.9 Simulation and system of systems

Computer simulation is one of the most regularly utilized type of models testing. Brartley et

al[47] describe it as the act of testing a model of a system, with a number of input and then

studying the outcome. In addition, by Shannon[48] as the process of testing a model made from

a system concept, and experiment it with simulation to understand the system, from different

aspect like performance evaluation, strategy testing, discover emergent behaviour, reduce or

mitigate risk from real life systems.

1.9.1 System of systems simulation approaches

In regards to simulation approaches, there are three main methods of simulation of SoS, which

are: DES, SD, and ABS. Another way to simulate SoS is to combine the cited methods (multi­

method). This part look at each one of these simulation approaches.

13



CHAPTER 1. SYSTEM OF SYSTEMS

1.9.1.1 System dynamics (SD)

System dynamics simulation represent a top­down model structure, where the model represent

a general system view in its complete abstract form, and overlook the great details like the in­

dividual, product, event involves within it [49]. Since SD is widely used on the strategic side

of business simulation, its uses terms like “stocks”, stock are usually the details component of

a system that SD overlook and do not model in detail mentioned above (e.g. money, people,

material, events…) [49, 50]. ”flows” are diagrams that represent the relation and connection

between the system component (e.g. financial transaction between people that involves money

and materials, the effect of advertisement and the connection between ads cost and the new

clients, the event where encouraging the employees may result in a better employees yields …).

SD flow graphs usually comes with negatives and positives relation based on mathematical for­

malism, where the negatives could be a cost loss and the positive is the gains of a system [49,

50]. “Causal loops” are the presentation of the stock and flows connections with each other

[49, 50]. The negatives component and the positives ones aspects of any business is where sys­

tem dynamic excel at pointing, because since we are on a simulation time is not the problem

but defining which individual system component we need to increase or decrease or even add

is, without the need to model the system individual behaviour relationship. See figure 1.4 be­

low show an example of SD simulation that represent and ad effectiveness on a sum of people

simulation with clear view on stock, flows, and causal loops.

Figure 1.4: SD simulation example of ads effectiveness [51].
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1.9.1.2 Discrete event simulation (DES)

DES approach is the most established model simulation between the others because it has been

used by for a long time [52]. DES is mostly used in facilities systems to gather important data

(e.g. queue waiting times and length, system bottlenecks, resources utilisation…). and like SD

it also simulate kind of a top­down model, where the aim is the overall system but unlike SD

system component are given more details and characteristic. In DES, system component are

treated like object, an object can represent individuals, machine, cars, workers etc. In addition,

each of these objects hold attributes (e.g. availability, time required to perform a mission…)

unlike ABS where some of the overall model attributes can be stochastic. Most DES attributes

are taken from real life example for accurate results [53]. In DES, The state of the system

component (objects) changes over time in response to certain events, this event can be a work

order, or a faulty machine etc. DES events can be triggered at a certain time, random time, or

multiple times, and they will be indicator to start a set of process that will change the component

state to do its designed job. This job can be an event, that will start another process and so on.

That is why DES simulation is considered a one threaded computer simulation where the system

component have no capacity to operate independently [52]. See figure 1.5 below that represent

a DES simulation in a facility workshop.

Figure 1.5: DES simulation example of a workshop [49].

1.9.1.3 Agent based simulation (ABS)

ABS simulation have seen a super­fast advancement development in recent years even though

its young age compared to the other approaches, because of it capabilities at simulating complex
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systems models [54]. ABS is known for it uses to simulate models that represent a number of

entities (agent), that share a common environment usually called “world”. To represent these

individual agents and their interactions, modeling these entities require a focus on detailing their

characteristics, interaction rules, and behaviour. Thanks to the fast growing memory and CPU’s

(central processing unit) powers seen in the last 15 years and with the advancement in com­

puter science whether its the UML language or Object oriented modeling. These concepts has

been adopted to help make this micro­level detailed agent behaviour possible [54, 55]. Figure

1.6 below show an agent behaviour implementation in repast symphony ABS simulation plat­

form, where the agent in hand transition between high alert and low alert mode with defining

characteristic in each.

Figure 1.6: ABS agent behaviour example.[55].

The term agent in ABS does not have a specific meaning, an agent can represent people, ve­

hicle, equipment, products, or even whole companies and systems. It all depends on the system

or the SoS we are simulating. Russell[56] defined an agent as “anything that can be viewed as

perceiving its environment (world) through sensors and acting upon that environment through

actuators”. With no clear rules on agents definition in ABS, the autonomous characteristic that

agent interacting with each other in a multi threaded aspect brings, is becoming helpful in study­

ing a SoS performance and its emergent behaviours, when SoS heterogeneous CS are modeled

as agent that communicate with other agent with performance analysis characteristic [57]. See

figure 1.7 below that represent an Agent based simulation of simple queuing service and waiting

area place.
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Figure 1.7: ABS example of a service area [49].

1.9.2 Comparisons of the Methods

Knowing each simulation approach strong points and limits, it is necessary for modelers to

decide on the best approach according to the problem at hand.

1.9.2.1 DES and SD

DES and SD have a lot of thing different from each other, as shown in section.1.9.1.2 and

section.1.9.1.1. Each of these approaches represent different situations. DES tend to be used on

facilities systems that uses terms like queues such as the example show in figure 1.5 of a work­

shop where a queue is show as the worker take turns in grabbing resource’s, while SD models

uses term like flow, stock, and causal loops these term are perfect for simulating strategic busi­

ness models as show in figure 1.4 where its clearly show the flow of ad adopters. The second

point of difference is that even though both of these method uses a top­down model structure,

DES models on general require some attention to details on its entities this leads to more time,

and attention requirement to model DES. SD models on the other hand are top­down structures

to capture the general perspective of the problem at hand. The last point of difference we can

deduct from the two approach is the amount of stochastic variable used in modeling, DES re­

quire more random attributes in its entities than SD (e.g. one why to model the movement speed

of a worker shown in figure.1.5 is a random interval variable between X and Y), thus trying

capture DES characteristic can be different each simulation run on the same variable). SD on

the other hand deciding on a random variable is final on each simulation run (e.g. as shown
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in figure 1.4 to model the ads effective we need a percentage that will turn our potential users

to users this percentage is final on a simulation run, only when increasing or decreasing this

variable the result Will change.).

1.9.2.2 ABS, DES, and SD

ABS is a unique approaches compared to DES and SD, that have been empowered by the recent

advances in memory, CPU’s, and computer science advancement. ABS is completely bottom­up

approaches modeling structure, where the focus on each agent is done to the behavioural level,

which make the model more stochastic in nature specially when the agents represent humans

compared to SD or DES. Another point of difference between ABS and the other approaches is

that each agent in the simulation is active, thanks to the multi threaded computer advancement

where in DES entities relies on a certain event to become active. One of the strongest point of

ABS is that with the wide range of the agent representation DES and SD models can both be

simulated with ABS, but that come at a cost of a lot of time consuming time at modeling, that

why modelers need to observe the system at hands then decide the optimal approach to simulate,

as shown in figure 1.8.

Figure 1.8: deciding on the optimal approach to simulate [49].

1.9.3 Multi­method simulation

Knowing an SoS scale and it’s all constituent systems from the beginning is impossible for SoS

engineers, that’s why one of SoS characteristic state that SoSs are never in their final forms [21],
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and the developing of an SoS is complex and continuously evolving with its iterative develop­

ment cycles steps [46]. That’s why it is possible to combine several simulation approaches. It

is interesting to analyze each CS while defining each approach to a specific system, then incor­

porate the different simulation approaches DE, SD, AB is necessary in some SoSs to overcome

the limits that each simulation approach holds, and at the same time benefit the most from each

one. Whether it is SD high strategic level problems management and demonstration shown in

section.1.9.1.1, or DE high­level process operational description shown in section.1.9.1.2, or

AB high micro level description of any agents shown in section.1.9.1.3. See figure 1.9 below

that show a simple concept to multi­method simulation.

Figure 1.9: multi­method simulation concept [58].

1.10 Conclusion

We started this chapter with a overview of the term ”System of systems” and its characteris­

tic. Even thought the term System of systems is vague and its applications are open to debate,

whether you call this or that an SoS. The literature is there and plenty with characteristic to point

out SoS type and getting acknowledged by SoSE as a discipline [2]. Later, we show that even

though SoSE is at its earliest stages [18], there is is multiple approach’s to model and simulate

SoS within the domain, where each have its strong point and limits depending on the problem

at hand.
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Chapter 2

Crowd management simulation

2.1 Introduction

In recent years, computer simulation and modeling technologies have been utilized for multiple

of uses, concerning crowd both in its ordinary and crisis circumstances. like: entertainment ,

crowd management, traffic flow, architectural plan, evacuation and other comparable applica­

tions

In this chapter going to focus on the crowdmanagement simulation aspect, we start by defin­

ing crowd management simulation. then we present the different simulations methods: macro­

scopic, mesoscopic and microscopic used to simulate a crowd. Finally we conclude this chapter

with some crowd management simulation applications and its challenges.

2.2 Crowd management definition

Crowd is a large group of entities gathered in one place, these entities can be a group of ani­

mals, vehicles, or human etc. The Pedestrian (ped) aspect of human crowd is one of the most

researched phenomenon that can be observed in several situation planned or not like the streets,

stadiums, protests etc, where the crowd individuals are walking on foot.

During the gathering of a large amount of people for a long amount of time, Outbreaks are

bound to happen between people, like fights, property damage, and crowd panic etc. Crowd

management is the art of controlling the crowd and limit its unwanted behaviour through the

time of a the mass gathering to ensure its safety, with the help of external systems such as

police, emergency services, military in extreme out of control cases etc. Figure 2.1 below show
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a crowd example.

Figure 2.1: Crowd example [59].

2.3 Crowd simulation approach

Crowd simulation is the act of simulating a large amount of entities gathering together described

in the section above, in computer simulation, crowds are usually displayed in two ways:

– 2D, 2 dimensional space simulation is one of the most used display simulation due to its

simplicity but high visualisation demonstration to the human eye. Its mainly used by com­

puter scientist where realism is not needed but the overall process is of more important.

– 3D, 3 dimensional visualisation on the other hand, is mainly used for its realism due to its

power in displaying a high quality rendering and animation visuals, That’s why we find

it in a lot of entertainment focused work.

With these displays human crowd simulation methods take form of three major aspect where

each has its own applications and benefits. These methods are based on the degree of the imple­

mentation of crowd behaviours, crowd behaviour in these methods can be classified into three

main factors: [59]:

– Physical Factors, physical factor refer to the external characteristic, that each crowd in­

dividual can posses like position, movement speed, physical size, etc.

– Social Factors, the social factors refer to the human behaviour and how it can be influ­

enced by its social surrounding, like culture, family ties, etc.
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– Psychological Factors, psychological factors refer to to the human behaviour and how it

can be influenced by his emotion, feelings etc.

2.3.1 Macroscopic (Flow­based) approach

Crowd simulations in this approach is the simplest one between the three, due to the feature

that ignore all the human crowd aspect that can be seen in real life like, physical, social, and

psychological factors. This approach tend to focus on the movement of the crowd as a whole,

with a display that resemble a flow, fluid if the crowd is moving together as a whole or as a

gas particle if its scattered [60]. This approach is considered the best method if all you need

is to simulate super big sized crowd flow direction with no obstacles on the way, for it low

computational cost since you are ignoring most of the crowd behavioural factors. Figure 2.2

show an example of flow­based simulation.

(a) Crowd flow as a whole [59]. (b) Scattered crowd flow [60].

Figure 2.2: Flow­based crowd simulation example

2.3.2 Microscopic (Agent­based) approach

Microscopic crowd simulation method takes completely opposite direction than the macro­

scopic. This methods has adopted the ABS Approach discussed in chapter.1.section.1.9.1.3 and

used it to simulate a crowd, where each individual in the crowd is treated as autonomous agent

with his own characteristic for more realism to the simulation. This approach aim at integrating

the behavioural factors mentioned above to the crowd individuals, for the ability to interact with

the world and react to it different dynamics, but that come at a High computational cost [61].
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To this date capturing the behavioural crowd is a struggle specially in the social and psycho­

logical factors due to its complexity and the lack of understanding of the human mind, therefore

each simulation that try to implement these behaviour tend to be immature [59] or use sim­

ple rules and stochastic variable. As for the physical factor numerous advancement is made

with multiple working model’s that simulate a crowd movement with consideration to its mass,

movement speed and other physical factors before taking a step, where each publication has its

unique algorithm to solve the problem. [61, 62, 63, 64]. Figure 2.3 below show a microscopic

simulation concepts.

(a) Gap detection based on the agent size [62]

(b) Microscopic crowd simulation

approach [60].

Figure 2.3: Microscopic crowd simulation concepts

2.3.3 Mesoscopic (Entity­based) approach

Entity based approach is a generalisation of the agent based approach. The idea of this approach

is to take the microscopic approach and its important features, like the implementation of crowd

behavioural factor and simplify it for a lower computing cost while simulating a large amount

of crowd individuals. The simplification is done by by modeling one entity of the crowd with

a global variable that define the behaviour of the crowd, and apply these variables to all the

crowd individual [59, 60]. entity based approach are good if the simulation contain one type of

the crowd, where all of its entities share the same characteristic like the evacuation scenarios.

Figure 2.4 show an entity based simulation example.
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Figure 2.4: entity based simulation example [65]

2.4 Crowd management simulation application

Crowd simulation has been used for multiple application during the past decade, we can see

it as a form of customers flow and architectural analysis in different places, such as airport,

railway station, stadiums, malls and many more. the aim for such simulation is to improve

customers satisfaction criteria by discovering the bottlenecks in the process of customer services

and optimise them for a better queue times. Figure 2.5 show an example of such application.

Figure 2.5: Crowd flow on a stadium example [66].

Another interesting crowdmanagement application is traffic in roads, traffic flow like pedes­

trian flow in building can help detect bottlenecks, traffic causes, and save a lot of money by

testing different road implementation and its effects. traffic simulation can be integrated with

the major building we talked about earlier like stadium, airport, stations etc to detect the general

impact of the flow of both traffic and pedestrian and get insight on how to make it better. figure

2.6 below show a traffic simulation example.
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Figure 2.6: Traffic flow example [67].

Evacuation scenario in crowd simulation, is one of the most used application in the domain

due to it importance. This application is used to capturing the architecture limits of any build­

ing, its usually do that without the need of introducing the psychology and social factor of the

pedestrian, with the exception of his physical factors, which make its results more realistic and

accurate. Figure 2.7 below show an evacuation example.

Figure 2.7: Evacuation on a stadium example [68].

Computer generated entertainment like movies and video games also implement crowd sim­

ulation concepts, for more emergent and realism to the consumer. Figure 2.8 show an example

of a video game with a crowd riot in game implementation.
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Figure 2.8: Crowd riot in game example [69]

2.5 Crowd management simulation challenges

Crowd management simulation is used for multiple scenarios, its helps the world test and solve

complex process that involves a crowd, without the need for a real crowd. With all the algorith­

mic, and modelling advancement we have seen till now. crowd simulation is still open to many

problems and concepts, the most important one is simulating a human social and psychological

behaviour due to its complexity.

Crowd management passes through important real life issues, that simulation have not tack­

led yet like the simulation of a panic crowd, crowd panic happens often when danger arise, and

causes many casualties within the crowd individual. Understanding the behaviour that causes

the panic and its pattern can be of great help in public safety [70]. Another problem the simula­

tion advancement lack to model like the real thing, is Intelligent Behavior of Rescue Workers

or the Authority, many crowd management systems involves human led systems to control

the crowd like police officer, emergency services etc. These worker play an important role in

emergency cases to ease down the crowd panic, and ensure the crowd flow. Today simulation

advancement also struggle in simulating these interactions [70]. The last point that we like to

mention is The simulation of Confrontational Crowd, sometimes during an event a riot occur.

The cause of this riot can be directly linked to psychology and sociology aspect of the crowd,

today simulation advances also struggle to realistically simulate this phenomena using computer

algorithms [70].
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2.6 Conclusion

in this chapter we showed how crowd management is complex matter that burdens the world.

Simulation was one of the methods picked up by computer scientists in an attempt to ease down

its complexity or to reproduce it for entertainment reasons by simulating many real world sce­

narios that involves a crowd. We also mentioned the approaches used to simulate a crowd with

the most used being Flow­based, entity based and agent based. And their limits.
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Chapter 3

Crowd Management Simulation Approach

3.1 Introduction

This chapter discusses our contribution, which is to propose a simulation approach for the crowd

management SoS in sport events. We start by presenting the modeling approach on which we

relied, and present our extension, and our simulation approach. The modeling approach is based

on SoS wave model shown in figure 1.3, with the SysML four pillars implementation. Then, we

present an overview of the SoS at hand. We end the application of our chapter with the different

diagrams modeling our SoS.

3.2 The SoS modeling approach and its extension

The modeling approach we used for our SoS is presented by cherfa et al [7]. In our work, we

propose the extension of this approach by adding the simulation activity (See figure 3.1). The

part we add implies two SoS engineering activities of the wave model: plan SoS updates and

implement updates.

The method on which we relied is based on SysML, with the purpose to help the engineers

in the first three steps of the SoS wave model, shown in figure 1.3 (initiate SoS, conduct SoS

analysis and develop the SoS architecture), to generate the desired architecture. This Approach

is well suited for acknowledged SoSs, where the main SoS organism is managed by the SoSEs,

and each CS by its own SEs [46]. This approach defined two main actors for the architectural

development in the course of seven steps:

– Application domain expert, ADE is the domain master, he/she, is responsible in defin­
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ing the SoS mission, with the experience to balance the SoS mission with its CS goals.

ADE is the actor in 5 steps of the seven mentioned in this approach as follow: (1)Mis­

sion decomposition, the purpose of this step is to provide the general view of the SoS

mission and its submission, using the SysML requirement diagram. (2) mission defini­

tion, the purpose of this step is generate the behavioral view of the SoS goals using the

SysML activity diagram. (3) role definition the purpose of this step is to design the hi­

erarchy of the CS that achieve the SoS goals, using SysML BDD. (4) role assignment

the purpose of this step is to assign each activity with its role within the SoS. (5) capture

measures the purpose of this step is to capture the effectiveness measures required for the

SoS performance, using the SysML parametric diagram.

– System architect, system architect main mission is to generate the SoS desired architec­

ture, based on the ADE work. System architect is the actor in the last remaining steps. (6)

abstract architecture generation, the purpose of this step is to generate the SoS structure

that, represent the connection between the CS, using the SysML BDD and IBD. (7) con­

crete architecture design, the purpose of this step is to better the abstract design above.

The figure below gives an overview the actors, steps, and tools involves in this approach.

Figure 3.1: SoS simulation extension

In our work, the extension we propose implies one new role, which is the SoS operator.

The later is responsible for managing, monitoring and controlling the correct execution of the

SoS. Furthermore, he is responsible of the simulation. Simulation can reveal deficiencies and

thus, he can plan updates and implement them according to the simulation results.
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3.3 Our simulation approach

While modeling allows SoS engineers to control the overall complexity of SoS, to reveal and

document its structure and behaviour, and to communicate these to stakeholders. Simulation

can be used to demonstrate these models from various point of view: to avoid the undesirable

emergent behaviour, to evaluate the ability of an architecture configuration to accomplish the

specified SoS mission, or to identify the key factors that influence overall SoS performance.

In our work, we propose a simulation approach that aims to refine the SoS models, and to

detect deficiencies in the concrete architecture. Furthermore, the SoS operator can test different

SoS implementations, and updates like new CSs, new missions, performance results etc. This

can help to decide about the optimal reaction to a situation.

Figure 3.2 below shows our simulation approach. It is based on the ABS method. The

purpose of choosing the ABS, is that a SoS includes multiple constituent systems to work on

one goal, and thus to interact, and the ABS is the best method for simulating interactions, and

behaviors [71].

Figure 3.2: Our simulation approach

Our simulation approach is based on the models obtained from the analysis and design en­

gineering activities. The mission structural and behavioral model with the concrete architecture

contain the concrete constituent systems, and their behavior. Thus, every constituent system be­

comes an agent in the, and its behavior becomes the agent behavior. The mission functional

model we give the mission requirement, so from this model we deduct the SoS parameters

needed, for example: response time to an emergency=12 min as maximum.

From this data, we perform the simulation and measure the actual SoS performances. The

simulation outcomes reveal the actual state of the SoS. The performance parameters of the simu­
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lation are compared to those defined in the requirement, and are calculated using the parametric

model results. Then, the SoS operator from the simulation results detect deficiencies in the

architecture, note the lesson learned, implement updates, and take different decisions,...

3.4 System of systems: Crowd management

In what follows, wewill use our approach tomodel and simulate acrowdmanagement in sporting

event case study. During most of sport events scenarios, the numbers people attending is big

enough to be called a crowd. and whenever there is a big crowd, a crowd management protocol

need to put in place to prevent disastrous situations. Crowd management is recognised as an

acknowledged SoS [3], where most of its CS are heterogeneous and independent (e.g. police

officers, stewards, emergency services etc), but they work and communicate with each other to

achieve the mission at hand. Figure 3.3 below shows an overview of crowd management case

sport event SoS.

Figure 3.3: overview of crowd management case of sport event SoS.

3.5 Conceptual model description

This section present, the different diagrams implementation we used within the SysML envi­

ronment, to create the SoS model.

3.5.1 Systems Modeling Language

SysML is a graphical modelling language like UML, but for systems engineering. SysML orig­

inally developed by an open source specification project, later on got picked and further devel­
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oped by, OMG, INCOSE, and AP233. It supports specification, analysis, design, verification,

and validation of multiple systems and systems of systems. SysML was devoloped as an exten­

sion of UML, therefore it uses a lot of UMLdiagrams (e.g. activity diagram, use case diagram...),

while also adding its own diagrams. Figure 3.4 below, show SysmML diagram taxonomy spec­

ifying the diagrams that are common with UML and the new ones.

With the SysML four pillars we carried out the whole architecture design of our model, by

following the approach discussed above in section.3.2. The expression the four pillars of SysML

refers to the four essential diagrams of SysML. Requirement, for SoS missions. Activity from

the behavior diagram, for the CS behaviour, Block definition diagram from the Structure dia­

gram, for the SoS structure. parametric diagram for SoS analysis. Figure 3.5, show a preview

of the diagram used according to SysML diagrams.

Figure 3.4: SysML diagram Taxonomy [72].

Figure 3.5: preview of SysML four pillars, and they uses in our model.
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3.5.2 Requirement diagram

The requirement diagram is a structural diagram that show the relationships among requirement

construct, each requirement (rectangle with «requirement» keyword) is a mission or a condition

that a system must satisfy [72]. The main mission in our case, is to maximise the safety of

the crowd. To achieve this mission multiple submission need to be achieved, you cant achieve

this mission without providing fast emergency response and the ability tomitigate risks. For

risk mitigation, the submission went with are: (1) observing the crowd and risk detection, this

mission is necessary for risk detection , you cant mitigate the risk if you don’t have ways to know

if it exist. (2) controlling the the crowd, risk mitigation require a crowd control mechanism, if

a CS sees unwanted behaviour he mus have the ability to change it. that why the submission for

thismission is provide security services. Figure 3.6 below show a screenshot of the requirement

diagram.

Figure 3.6: crowd management in sport event, requirement diagram.

3.5.3 Activity diagram

SysMLActivity diagram is an extension of the UMLActivity diagram. It represent the sequence

of actions that describe the behavior of a block from a BDD or other structural element. The

33



CHAPTER 3. CROWD MANAGEMENT SIMULATION APPROACH

activity diagram can be described as an operation of a system. The sequence of action is defined

using control flow, and the control flow is drawn from one operation to another, this flow can

be sequential, branched, or concurrent. Activity diagrams deal with all type of flow control by

using different elements such as fork, join etc.

We used the activity diagram to show the behaviour of our SoS constituent systems, this

behaviour is going to be used later on in our simulation. Sport event crowd management have a

lot of systems, these systems must satisfy the mission we set earlier in the requirement diagram.

The systems we went with are:

– Control center, in arena venueswe find a lot of detection systems put in place like camera,

smokes, gas leaks etc. the control center main activities is to observe the arena through

all the different sensors and then notify the agents on the field if risk occur. And call for

evacuation in extreme cases.

– Security systems, during a fan attendance at the event, providing security is an important

task to achieve the missions of the SoS. One of the most utilised security systems in sport

events are police officer and security stewards. These last two play an important part in

mitigating potential risks, by observing the crowd and intervene to control the situation if

risk is detected.

– Emergency services, providing fast and effective emergency is one of the important mis­

sion in crowd management. where the service at hand need to be expert at situation like

this, and react according to the crowd safety. In sport event the most utilised emergency

services are, ambulances and firefighters. Figure 3.7, for control center, security agents,

and ES implementation.

– Fans, fans are the crowd we are managing. All the CSs main mission is provide the safety

of this system. In sport event The crowdmust enter the event venue and exit from it safely.

Crowd entrance, consist of the crowd entering the arena to take a seat, it usually involves

queues at the gate of the entrance for a search, parking lot if the fan have a car, and some

venues, that the crowd uses to buy food, bathrooms etc. We implemented this behaviour

as a fan going to get serviced and then taking a seat so he can enjoy the event. crowd exit,

in most events crowd exiting the event venue it involves of him taking an exit path, and

grab his car if he have one.
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Figure 3.7: control center, security agents, and ES activity diagram.

– Event venue services, Sport event venues come with parking lots and other services like

bathrooms, fast­foods etc. the people responsible for these service, main activity is to

service a fan. Figure 4.7, for the activity diagram.3.10 show fan, car­park attendant, arena

venues services, and entrance service implementation.
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Figure 3.8: fan, car­park attendant, arena venues services, and entrance service activity diagram.

3.5.4 Block definition diagram

Block definition diagram (BDD) is based on UML class diagram from the UML composite

structure, BDD describe the relationship among blocks (e.g. composition, association, special­

ization), each block from the block definition diagram provides a unifying concept to describe

the structure of an element, system, hardware, software, data, procedure, facility, or a person

etc [72].

We used the block definition diagram (BDD), to set the architecture for our SoS, that involve

our constituent systems and the relation with each other’s, where each block represent a con­

stituent system. We definitely did not pick all the constituent systems involves in a sport event

management, but we picked what we think are the necessary systems and obvious like stewards,
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emergency services, police etc, to satisfy our requirement. For more details see section.3.5.3.

Figure 3.9, and figure 3.10 below show the SoS BDD implementation.

Figure 3.9: Emergency Services BDD.
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Figure 3.10: Sport event BDD.

38



CHAPTER 3. CROWD MANAGEMENT SIMULATION APPROACH

3.5.5 Parametric diagram

SysML parametric models is a specialisation of a block diagram that uses mathematical formulas

defined by constraint blocks to support the engineering analysis of critical system parameters,

including the evaluation of key metrics such as performance, reliability, and other physical char­

acteristics [72].

Performance analysis, is totally dependant on the expert andwhat theywant to analyse from a

specific mission, but one of the most used performance analysis, is cost to performance, where

we see the time required to achieve a mission and the cost of that. for this analysis we need

three main variable availability, cost, and the time require to achieve a mission. Figure 3.11

show parametric diagram implementation.

Figure 3.11: Parametric diagram for agent performance.

Another important performance metric for the safety of the crowd and arena performance.

Is area density performance. It involves Two main variables Fan number on a given space.

This measure is going to be used on the evacuation scenario to see the performance of the arena

movement flow. Figure 3.12 below show the parametric diagram for the density performance.

Figure 3.12: Parametric diagram for arena performance.

39



CHAPTER 3. CROWD MANAGEMENT SIMULATION APPROACH

3.6 Conclusion

In this chapter, we presented our simulation approach for SoS, then we model the crowd man­

agement case study. We presented and discussed the the diagrams involved. Then we showcased

how simulation can further more refine this approach, if we used it as way to analyse the model

at hand and test different outcomes, to plan future SoS updates. The next chapter will show how

the simulation was done.
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Chapter 4

Sport event: crowd management

simulation implementation & evaluation

4.1 Introduction

This chapter provide a detailed implementation of the models shown in chapter.3 in form of a

simulation, including the tools used. we visualise the simulation on an architecture drawing of a

sport arena, the simulation will focus on the entrance area with the parking lots, the inside of the

arena and its different venues, finally the seating area. The simulation will carry out different

scenarios in each area. After that we will investigate the scenarios driven, by capturing key

data that will be compared to our performance target, in order to decide the optimal solution to

achieve the SoS common purpose and goal.

4.2 Simulation approach and execution tool

In this section we will discuss the simulation approach, and platform we chose for our model

simulation.

4.2.1 Agent based simulation approach

As shown in chapter.3 crowd management includes multiple systems to work on one goal which

is to manage the crowd. Crowd management systems, are mostly led by humans in real world

and ABS is the best method for human interaction, and behaviour simulation [71]. In our case,

each agent in our ABS represent a law­enforcement, security steward, or a fan etc. ABS strong
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point are perfect for crowd management simulation, whether its the high detailed characteristic

and behaviour of an agent that a bottom­up model structure present, or the multi threaded world

that is shared with our systems, where each system need to be active and reacting on the fly

according to each behaviour. As of for the crowd trying to mimic human behavior is a complex

and hard to achieve. But the best approach to simulate a crowd in our case, is the microscopic

crowd shown in section.2.3.2, where we need to preserve physical and behavioural features of

each crowd individual, therefore we can benefit the most from our ABS model structure.

Theworldwe are simulating is a sport arena venue since we are doing a sport event, and the

BDD diagram blocks are seen as systems within the SoS and as agent within our simulation.

Activity diagram is going to be the behaviour and the interaction that the agent represent in

order to achieve the SoS missions shown in the requirement diagram. And the parametric

diagram is to capture the performance with a specific function of each mission an agent is

partaking in.

4.2.2 Anylogic execution tool

We have carried out our simulation using anylogic, anylogic is a multi­method simulation tool

(discrete event, agent based, system dynamics) developed by the anylogic company. We tried

out some ABS tools like netlogo and repast simphony, but we found anylogic to be the best tool

for agent simulation that fits our needs with its rich simulation methods libraries (e.g. pedes­

trian library, road traffic library….). Anylogic is a java based platform, which means all of java

features are present like the object oriented modeling, security, and the multi­threaded environ­

ment that java brings with it was also one of the reason to chose anylogic, getting used to it was

easy since we already have a basic java knowledge and sharing the models on the fly between

different platforms as long as that platform have a java java­enabled environment, was a nice

addition because of java portability.Figure4.1 below show a screen shot of anylogic IDE startup

page.
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Figure 4.1: Anylogic IDE.

4.3 Simulation display implementation

In this section we present images of the display we chose to visualise our simulation and ease

down its complexity to the reader. This section holds two sub section, in the first section we

will show the arena target and its different venues, this is the place ”word” that we mentioned in

section.1.9.1.3 where we showcased the ABS approach, and the second section will showcase

the different CS and their display implementation.

4.3.1 Subject arena sport

To simulate a sport event we need a sport arena. The sport arena we are simulating on is not

an official arena it could be a student’s cad (Auto­CAD) architectural drawing. Its was taken

from an online cad­drawing website [73]. Our simulation is displayed on these images, so each

scenario we are going to provide or discussed, will be based on these architectural drawing

structure.The drawing consist of three images each represent a view inside, outside, and seats

the arrows drown on these images are there to show agents flow on the map:

– First, is a general view of the outside area as shown in figure 4.2, by analysing it we notice

that there are two parking­lots that can hold up to 243 car, with two gates at each one for

car entry and another for exit, the gates are shown in a red arrows. we can also notice two
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more gates one at the left of the image which is the main gate for the pedestrian entrance

and exit, and the other one is for special agent entrance like the teams players bus or ES,

this gate located at the right side of the image shown in figure 4.2 with red arrows also.

finally we can notice fourways to enter the arena, there is two gates shown in black arrow

near the pedestrian entrance so they are for pedestrian, and another two near the two buses

and the special gate show in blue arrows, these gates are special gates as well for special

agents same agents as the gate above them. deciding on which gate is for special agent

or pedestrian is merely by observation, as we can notice two buses near the special gate

entrance with two separate room that contain facilities used by players mostly like gyms

and cloth changing lockers, and direct access to the arena as show in figure 4.3.

Figure 4.2: general view of the arena, outside area. [73].

– Second, Is a general view of the inside as shown in figure 4.3, by analysing the image
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Figure 4.3: general view of the arena, inside area. [73].

we notice that, there is six venues that can be used by our pedestrian, these venues are

marked with the names fast­food, bathroom, coffee with identical looks in the upper half

of the image. the flow of the pedestrian is show by black arrow, we also notice that their

are two stairs shown with blue arrows, that can get you to the seating area, but they are

located near the special entrance, thus they are not for pedestrian entrance. finally we see

that there are four ways to enter the seating area shown in red arrows.

– Third, is a general view of the seating area show in figure 4.4, this view is simple it

contain 5248 seats, with multiple stairs to navigate the area. the exist from the seating to

the outside is the same as the entrance rout where there is two stair plus the four gates.
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Figure 4.4: general view of the arena, seating area. [73].

4.3.1.1 Arena sport simulation implementation

We used Anylogic representation API (application programming interface) to visualise our sim­

ulation, with this API we had the ability to import these images to the graphic editor, then using

the pedestrian libraries we are able to draw over our arena images to specify the coordination

of the walls, or any obstacle that our pedestrian need to avoid, since these obstacle are drawn

above our image, the pedestrian reaction to these obstacle will give the illusion of the crowd

moving inside the architectural drawing. See figure 4.5 for an implementation of Anylogic

space markup, the arrows are there to show case the gates, stairs and where they lead when

entering, thus each ped enter one of these gates will be teleported to the according exit in our

simulation. See figures.4.2, 4.3, 4.4 for reference.
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Figure 4.5: representation of the arena obstacles.

4.3.2 Agents simulation display implementation

Agents displays are made using Anylogic presentation API also, with it we made our 2D pre­

sentation agent drawing using simple shapes, like circles, rectangles, and lines etc. Anylogic

presentation API come with a scale on each presentation display, this scale will be used to decide

the perfect space that shapes take on our main simulation images. We decided our scale on the

sport event pictures from our parking lots according the cad drawing. as shown in figure 4.2,

where its show the scale that represent 5.5m for the road width. And figure 4.6 show anylogic

implementation as you can see the presentation API calculated that 1 meter represent 11.87 pix­

els. This section represent the different agents display implementation, with their scale within

a simulation.
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Figure 4.6: sport arena scale.

4.3.2.1 Crowd (fan)

Fans are presented with a simple green circle as shown in figure 4.7, we chose this display

Figure 4.7: Fan simulation

display

for its simplicity and visual clarity in the 2D space compared

with the other shapes. we put 0.4 meter on the scale for the fans,

because we think that a walking human being or sitting, if seen

from the sky will average out on 0.4 meter, so each fan is rep­

resented by 0.4 meter green circle diameter on the arena. This

value is important because it decide the distance of the crowd

between each other, as stated in section.4.2.1 we are using a mi­

croscopic approach for our crowd, thus this variable will dictate

the physical restriction that each fan will not cross.

4.3.2.2 A fan car

Anylogic comes with some pre­built shapes for general use, one of them was a car shape, its

looks good and simple so there is no need to change it. For the car scale we made it in a way

that will fit on the parking lots, after putting the scale on the arena as shown in figure 4.6, the

parking­lot length is around 4.5 meter, so we put the car length at 4 meter. See figure 4.17a for

the car scale and its representation according to the parking­lot slot, and figure 4.17b for how it

fits.
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(a) car simulation display (b) car in parking­lot

Figure 4.8: car simulation display according to our arena

4.3.2.3 Law­enforcement

police officers are common in sport event, they are used mostly outside the arena to keep

Figure 4.9: police simula­

tion display

it under control, since police officers are humans like our crowd

we used the same display, but with a blue colors. police officers

are reactive agent that react to the crowd bad behaviour, just mod­

eling their bodies isn’t enough remember we are modeling ABS

approach, where agent are controlled at the same time in a multi

threaded environment, that means when a police officer need to

go to a specific pedestrian it does not mean that he will be there,

we approach this problem by doing another circle with 2 meter

diameter, at its center is the agent body. this circle acts as a range

that if a pedestrian is within it the police officer have the ability to intervene to that pedestrian

behaviour and change it.

4.3.2.4 Control center

visualising a control center is not an easy task, the center give tremendous amount of aid for the

agent that manage the crowd, this aid usually is behind the curtains (cant be seen). That why we

decide to not visualise it, but with all the sensors and the workers monitoring them we decided

to represent that, with the ability that each agent in the arena have instant reaction to different

crowd behaviour.
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4.3.2.5 Security­stewards

security stewards follow the same concept, that we used on police officers, 0.4 meter for the

physical body, and 2 meters for the interaction range see section.4.3.2.3 for more detail.

Figure 4.10: security stew­

ards simulation display

The main difference between the two in our simulation is that

law­enforcement are used outside the arena and security­stewards

are used inside, to distinguish between the two we used the yel­

low colors instead of blue.

4.3.2.6 crowd services

Sport event arenas usually comeswith services to increase the crowd comfort ability (e.g.bathrooms,

food services etc), or for security reason (e.g.checkup point etc). In our case the services that

our simulation simulate are the entrance service for a search, bathroom service, fast­food, and

bathrooms as shown in figure 4.3. On general these services in real life represent, a queue line

with a point where the pedestrian go to get serviced (e.g a table on a fast­food place, a Turnstile

for a verification, scanning place etc), our simulation services are not different it will be repre­

sented with a green line for queues and green point for a service place. See figure 4.11 for clear

view on the queue line and service point.

Figure 4.11: queue lines and service points.
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4.3.2.7 Parking­lots

Monitoring parking­lot attendant in real life, usually represent of him allowing cars through

the gate with no much movement involved. so we decide to implement this agent, with no

visualisation like the control center. But this class will be the one responsible for the parking

logic, parking logic is simple its consist of spawning a car and then moving it to a free parking

slot until the lot is full.

4.4 simulation results and evaluation

This simulation number one mission is managing the crowd as seen in the requirement diagram

chapter2.section3.5.2, since we are doing a sport event simulation, managing the crowd mean a

safe pedestrian entrance to the arena, inside the arena, and a safe exit. This simulation is based on

three main scenarios: Crowd entrance, Crowd behaviour during­after the entrance, Crowd

exit.. Each of these scenarios is represented in a subsections below.

System evaluation is represented in our Parametric diagram for more details see chapter.2

section.3.5.5, its involves three main variables cost, availability, and mission time to achieve

the best cost performance in a successful mission. Using this measure of effectiveness (Moe)

require knowing each of these variable. Unfortunately in our simulation knowing the cost of

each agent mission is impossible since we have no real­life data to be compared to. Thus the

evaluation is based on available agentmission timing alone. Since cost is not represented, adding

or removing agents and services is based on our target time mission for each scenario (e.g. we

can put a mission where we need to enter all the pedestrian into the arena in 3 hours, then we

can test the optimal approach to achieve this mission, and the graph results are compared to the

time, and the number of services agents, without their cost to time which is the best approach

for a mission Moe according to our modelling approach .[7]).

4.4.1 Crowd entrance

The first scenario in our simulation is the crowd entrance, the crowd have one main gate for

entrance, and the cars coming for the parking lots. therefore the pedestrian in our simulation

will be spawned in the main gate, see figure 4.12b for an example, and for the cars each car will

act as a walking gate where each car after it take a parking spot, it will spawn from 1­5 fans

at a random variable, figure 4.12a for an example. For reference see figure 4.2 left red arrows.
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After the pedestrian spawn they will follow the activity diagram shown in chapter2.section3.5.3.

The pedestrian entrance to the stadium is done with the two gates as shown in figure 4.2 with

the left black arrows, thus the entrance service will be there with the queue lines. The next

activity according to our activity diagram is picking a venue whether its the bathroom, coffee,

or fast­food this activity will also be at random percentage see figure 4.3 for reference. The

next activity will be entering the seating area and taking a seat, That will conclude our crowd

entrance simulation. the figure below show an example of ped spawn locations.

(a) lower parking­lot (b) main gate

Figure 4.12: peds heading to the entrance gate

4.4.1.1 Crowd entrance mission

One of the main problem in any events entrance is queue time, queue time are important factor

in the crowd satisfaction criteria. That’s why this simulation mission is focused on queue times.

The average queue time for each ped will be gathered from gate one, two, and each of the inside

venues (food, bathroom, coffee), using the average formula below:

A =
1

n
∗

n∑
i=1

pi (4.1)

where:

– A: is the average queue time for all the pedestrian that entered a queue.
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– n: is the number of pedestrian that entered the queue.

– i: i=(1,2,3,4.......n).

– pi: is the pedestrian number i queue time.

The mission of this scenario is to service 5248 pedestrian (number of seats inside the arena). to

the seating area as fast as we can, while keeping the queue time as low as we can in different

venues. Since this is a simulation the spawn rate of pedestrian is up to us, we can spawn 5248 in

an instant if we want to, but we need the maintain a realistic approach to the mission. With no

real life data to model to, the data we can gather is unlimited for the average queue time, where

a lot of variables come into play to achieve that, like the pedestrian spawn rate, the movement

speed, the probability for a pedestrian to enter each venue , queue line numbers and so on, some

are logical to play with and change and some are not(e.g.changing a pedestrian movement speed

is not logical, as an average human being cant go beyond around 1.4m/s).

Because of the unlimited data we can possibly get, we decided to aim for the limit that our

architectural drawing can bring. The main system that come into play in this scenario is the

entrance service system, so we started with there to see how many service point this system can

hold with respecting the fan scale see section.4.3.2.1. as you can see in figure 4.13 up to 4 service

point each gate. and for the arena venues we can fit 22 service point for each fast­food venue,

11 service point for each coffee venue, and 30 service point for each bathroom side. shown in

figure 4.14.

(a) entrance service points setup with the

image background

(b) entrance service points setup without

background image

Figure 4.13: entrance service points setup
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(a) arena upper venues service points setup with the image background

(b) arena upper venues service points setup without background image

(c) arena lower venues service points setup with background image

(d) arena lower venues service points setup without background image

Figure 4.14: arena venues service points setup

Running a simulation in this setup will help us detect its limits according to our targets times,

as a start for example we can put the target at 10 Minute max, queue time in entrance gates.

with 2h max entrance time. To achieve this we need a spawn rate for the pedestrian that can put

out 5248 pedestrian in less than 2 hour, with the cars spawn and gate we can start the simulation

with 60 ped a minute with each car 1 to 5 random spawn, that should be enough to generate

5248 ped in 2 hour.The idea here is to generate enough peds, to see if the setup above can hold

around 5248 ped in less than 2 hour.

4.4.1.2 Crowd entrance result

The table below summarise the initial variable used in our first scenario. Most of the charac­

teristic are show in chapter3.section.3.5.4 in the conception part. The variable that we put are

based on fast google search’s, common knowledge, experience or completely random variable

to test some outcomes. For the inside venues probability, peds going to seats probability start at
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0.1, and each 30m of run time it will increase by 0.3, while each of the other probability decrease

by 0.1, since the closest the match is about to start the probability of heading straight to seats

increase.

Initial variables for each ped

Characteristic Variable Characteristic Variable

Pedestrian,

movement­speed

Random(0.8, 1.3)

m/s

car spawn rate 6 per minute

main­gate peds, line

pickup probability

two line 50% to pick

for each ped

peds car, spawn rate Random(1, 5)

cars peds, line pick

up probability

park1­>gate1 and

park2­>gate2

Bthroom­prob 0.4 (40%)

seats­prob 0.1 food­prob 0.3

main­gate peds,

spawn rate

60 per minute coffee­prob 0.2

gate1, queue lines 4 gate2, queue lines 4

gate1,2 service point

duration

Random(5,10) s bathroom service

duration

Random(3,7)m

fast­food service du­

ration

Random(3,6)m coffee service dura­

tion

Random(2,4)m

Table 4.1: Crowd entrance initial variables.

This setup serviced all the pedestrian in 105m, that 15m less than our targeted time, but the

average queue time is beyond 10m at around 12m, the average time exceded the 10m mark way

before the 105m mark as shown in figure 4.15. As for the inside venues even though the results

will be different since we are dealing with random variables for each ped. we can notice from

figure 4.16 that at this pedestrian rate, the average wait times inside the venues is around the

10m mark, at the values 10m for fast­food service, 11m for the bathroom, and 2m for the coffee.
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(a) result at 94m outside (b) result at 105 ending

Figure 4.15: outside first scenario results

(a) Inside result at 94m

(b) Inside result at the end

Figure 4.16: result at the end
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Deciding where to go now is based on the priority at hand. if we want lower average queue

time at this pedestrian spawn rate, we need to add more service point or lower the pedestrian

spawn rate, since its the main cause for the queue time. And if we want to lower the entrance to

the arena time, the only way is to add more service point, increasing the pedestrian spawn rate

have no effect on the time required to service the crowd, as long as there is 5248 peds spawn in

the course of 100m. see figure4.17 for more detail, the spawn rate for this is 50 ped a minute,

the time it took to service this rate is 104m.

(a) result at the end gate1 (b) result at the ending gate2

Figure 4.17: average queue time at 50 ped/m

4.4.2 Crowd behaviour during­after the entrance

The approach we used to simulate the crowd behaviour, is the same one shown in figure 1.6.

By a behaviour in our model we mean, when a pedestrian normal behaviour change, so he starts

seeking another security agent attention to him, whether its a big problem or a small one like

seeking guidance. Our crowd behaviour is based on two states as show in figure 4.18, where

the state change occur during the normal behaviour of the fan (following the activity diagram).

Our pedestrian behaviour state model work as follow:

– Normal state, the normal state is the initial state, that our pedestrian take when spawn

shown in figure4.18a. and with a specific rate (e.g.1% of the crowd population), we can

start transforming our peds into In­trouble state.

– In­trouble state, in the in­trouble state, the transforming agent turns into a black circle

shown in figure 4.18b. at this state the agent start seeking the attention from police officers

if the ped outside, or the stewards if he is inside. after that if the required agent is free, he
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can move to the troubled ped and intervene by turning the targeted ped back to the normal

state. for more details refer to.section.4.3.2.3.

(a) fan behaviour (b) Normal­ in trouble states

Figure 4.18: Fan behaviour

In most events the reactive agents (e.g police, stewards), are found at specific places at lunch,

thus at the start of our simulation each reactive agent is given a spawn location. The movement

of these agents are done usingDijkstra’s algorithm, Dijkstra’s algorithm is one of the best short

path finding algorithm, to implement this algorithm first we need a network. A Network can be

seen as the map that contains detailed paths and crossroads that our agent will move along to.

This network is drawn using the Anylogic API on top of the arena drawing (same concept as

obstacle drawing), with a distance between each path as weight. Drawing the network over the

arena give the illusion of agent moving along side the architectural drawing. Since our agents are

moving on these paths, the network need to touch every point of the arena, specially the seating

area since all of our peds are heading there as described in the entrance scenario.section.4.4.1.

The network implementation is shown below with blue lines in figure 4.19, figure 4.20

Since our world is multi threaded, the possibility of a reaction agent being accessed by mul­

tiple peds at the same time is bound to happen. To solve that a simple semaphore was put at

place. semaphore is a concept used to control access to common resources, in a multi threaded

environment. To achieve that the reactive agents are put into a resource pool (java linked list),

and when a pedestrian turns into a in­trouble state, the nearest reactive agent from this pool will

react to himwith him being marked, so other peds don’t get access to that agent, until his activity

is completed. Each peds that find the resource pool empty is gonna reenter the in­trouble stat

after 1m. The agent activity the same as the activity diagram, its consist of him going to the ped

location, then turning him back to normal state. for more detail see chapter2.section.3.5.3.
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Figure 4.19: Network representation inside and outside the arena.

Figure 4.20: Network representation in seating area.
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4.4.2.1 Crowd behaviour during­after the entrance mission

For this scenario we are going to focus on, the capability and the performance of the reactive

agents in clearing up the in­trouble peds, the data we are going to capture in this scenario, is the

average time the peds are going to stay in­trouble state, for this we are using the same average

formula we used on the entrance scenario.

A =
1

n
∗

n∑
i=1

pi (4.2)

where:

– A: is the average time for all the pedestrian in the state in­trouble.

– n: is the number of pedestrian that entered the state in­trouble.

– i: i=(1,2,3,4.......n).

– pi: is the pedestrian number i, in­trouble state time.

Like the entrance scenario we are going to need, a startup data then test its limits, the variable

we are startingwith are 28 security stewards in seating area, 5 inside, and 3 police officers outside

the arena. These agent are spread over the arena, to cover more ground space for the best results.

For to state transformation rate we are going to start at 20% in the course of 1 hour. And for the

transformation time required to turn the fan back to its normal state will be a random variable

from 10 to 20s. we will let the simulation run for 150m, since all of the pedestrian get serviced

at 105m mark, thus the first hour is not a good representative of 20% rate, but the second one

is, since all the crowd is spawn by then. figure 4.21, figure 4.22 represent the placement of our

agents within the arena.
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Figure 4.21: agents placement inside and outside the arena.

Figure 4.22: agents placement at the seating area.
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4.4.2.2 Crowd behaviour during­after the entrance results

The simulation is going to continue where we left off from the first setup, with the addition of

some new variable, the table below summarise this scenario setup. and the figure 4.23 show and

example from the simulation run, of the security agent at work.

Initial variables for this scenario

Characteristic Variable Characteristic Variable

agents,movement­

speed

Random(0.8, 1.3)

m/s

number of agent, at

seating area

28

number of agent, in­

side the arena area

5 number of agent,

outside the arena

3

transformation rate 0.2/h Time to change fan

state

Random(10,20)s

Table 4.2: Crowd behaviour during­after the entrance scenario initial variables.

Figure 4.23: security steward at work, at the seating area.

This setup, is able to keep the average time of in­trouble state at 5.4m/ped, the simulation

ended with 1722 changed state and 110 fan in in­trouble state. This is the ideal result if we want

5m/ped as our mission target. and if we continue the simulation there is no indication of the

average time increasing, we can see this clearly in our chart with the red circle, that show the

62



CHAPTER 4. SPORT EVENT: CROWD MANAGEMENT SIMULATION
IMPLEMENTATION & EVALUATION

start of a stabilisation after the full amount of peds are already spawned. the figure 4.24 below

show the pedestrians average time in­trouble state during 150m.

Figure 4.24: around 20% state change rate per hour result.

Increasing the rate to 30% an hour, show a clear result of what a hopeless situation look like

in real life, with 9m+/ped average in­trouble state. the setup simply cant keep up, at the end

of simulation there is around 734 pedestrian in­trouble state, and the number keep increasing

as the simulation progress, and the chart show no sign of stabilising compared to the scenario

above. The main reason for this out of control situation, is the rate which control the the crowd

behaviour first, and the security agent numbers second. That why in real life scenarios knowing

the crowd is important factor in deciding the optimal security approach. Th figure 4.25 below

show the result of 30% rate in an hour interval.
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Figure 4.25: around 30% state change rate per hour result.

4.4.2.3 Emergency services

Emergency services, are present in almost all sport event, when you enter a stadium you usually

find some firefighter and ambulances parking inside the stadium for fast emergency response.

To achieve that they use predefined paths that take the ES from the parking­lot to the desired

point. Modeling this is almost already done because the network that we used on the behaviour

agents follow the same concept. for reference see figure 4.19, figure 4.20, figure 4.2. The main

mission for our es model, can be done by simply analyzing the arena and see if there is any point

in the arena that have pedestrian in it, but there is no rout for the ES to get there.

The arena at hand with its pathing routs, are shown in figure 4.2, figure 4.3, figure 4.4, while

designing the network, we found one problem in the arena architectural drawing, the problem
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is inside the arena in the upper half, there is a wall with no way to enter that side of the arena.

for more details see figure 4.26 below, and figure 4.19 for reference.

Figure 4.26: upper half of the inside arena.

to see the time we can save using the red path versus the blue one shown in figure 4.19, we

spawn a police officer shape at the es parking­lot, and run it on the both networks, we found that

creating a path there can save up to 3.2m, since using the long path take 4.4m, and the short path

1.2m.

4.4.3 Crowd exit/Evacuation

Getting the crowd out of the arena safely, is one of the most important scenarios in crowd man­

agement, that if its done incorrectly disastrous consequences can happen. The main cause of a

safe crowd exit, is a well though arena architecture. The arena layout with its obstacle and flow

can be seen in figure 4.5, figure 4.3, figure 4.2.

4.4.3.1 Crowd evacuation mission

The main mission of this scenario in our simulation, is to see the approximate time required

for our crowd to exit the arena, and to detect critical areas. Critical areas are spaces within

the arena, that bottleneck the pedestrians flow, and forces them to stop moving until there is

enough room for movement. These areas can be calculated within the simulation by checking if

a certain space have a pedestrian density of 4+/pedestrian per m² [68]. figure 4.27 below, show

an example of a critical area.
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Figure 4.27: Critical area example [68].

The initial setup in this scenario will be the default arena layout at first, the default layout

have 4 gate to enter and exit the arena, and 2 stairs at the arena right side. see figure 4.2, figure

4.3 for reference. Each pedestrian is going to head to the nearest exit gate to him. The time of

evacuation is calculated at the moment the full amount of pedestrian exit the 4 gates. and the

critical areas are represented in red color filter within the simulation. figure 4.28 below show

the filter, we are using to display the color of each pedestrian density interval.

Figure 4.28: colors of the filter used to display pedestrian density.

4.4.3.2 Crowd evacuation results

After 18.9m of run time the evacuation ended, whether this is a desired result or not, is totally

dependant on the target timing performance. but seeing the amount of critical area shown in the

result figure 4.29 there is a lot of things to improve.
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Figure 4.29: default arena setup evacuation run.

from analysing the picture, and it critical areas we can deduct:

– First, from the center of the image we can see that inside the arena, the path leading out,

is fine its doesn’t need a change.

– Second, the right side of the image represent the two other gates that lead outside the

arena, we can see the first problem there, the problem is coming from the door path that

intersect with the path leading to the exits. From looking at the intersection density we

can deduct from figure 4.28, that its around three, three is not the worst scenario, but its

close enough that we should look at it, to prevent bad outcomes in the future.

– Third the seating area, the first thing we noticed, is that almost all stairs have density

problems, that shouldn’t be a surprise, since these stairs are the main source of navigat­

ing in the area. The second thing we noticed, is there is two stairs (red arrows pointing

at them), with the biggest density problem. that’s because all the pedestrian in the red

rectangle at the left of the image, is going to these stairs for an exit opportunity.
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Improving this arena architecture for a better evacuation result, is what evacuation scenarios

do best. For a better evacuation time, the best approach is analysing the critical density within

the arena, and redirect some of the flow that’s causing that problem with more exits. to make

this evacuation run better, we need to fix the first problem by creating a separate door on each

stair location for exit emergency only, since entering the arena have no problems. The second

problem, we can create 2 more stairs with exits, in the location of the two blue shapes at the red

rectangle. The reason for that is to redirect some of the flow that stressing the stairs with the

biggest density.

by Implementing these changes, we can clearly see reduced density of the questioned stairs,

by directing some of the pedestrian flow to the new stairs, and the evacuation time is lowered

to 11.3m from 18.9. the figure below.4.30 show the second run that implement these changes.

Figure 4.30: modified arena architecture evacuation run.

4.5 Conclusion

In this chapter, we discussed the simulation implementation of our SoS models. We started by

picking an architectural arena drawing, then began testing its limits by capturing the emergent
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behaviour that multiple system brings when trying to achieve a common goal. These emergent

behaviour was seen in our three main scenarios crowd entering, crowd behaviour during­after

entrance, crowd exit. Each of these scenarios, represent an important part in a successful crowd

management mission, and simulation was used to bring the scenarios to life. That allow us to

capture key data like the average queue time, the performance of security agent, the performance

of the arena in certain setup. which empower us to detect unwanted scenarios and ways to fix

them.
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General Conclusion

The main goal of this thesis is to propose a simulation approach In context of crowd manage­

ment in sporting events SoS. The simulation solution proposed is based on theABS presented in

section.1.9.1.3. This approach reflect perfectly with the microscopic crowd method presented

in section 2.3.2, where each system have his own characteristic within the simulation. In doing

so we made a model based on [7] approach, that carries out a basic sport event, crowd manage­

ment systems behaviour. Then we picked a sport venue architectural drawing. Using anylogic

simulation platform we implemented the different agent behaviours, and carried out multiple

simulation scenarios based on our performance targets, in order to stress out the arena architect

and the systems. These results can empower the experts to further their understanding for the

SoS at hand, in order to create a better SoS model following the SoS SE life cycle. The major

contributions of our work are:

– Study on the state of System of systems, and crowd simulation concepts (definition, char­

acteristic, types, modeling and simulation approaches). To the point where a basic un­

derstanding of the concepts is set, to be able to chose the best methods to simulate crowd

management case of sport event.

– Design a basic SysML model in context of crowd management in sporting events SoS.

– Proposition of a solution able to simulate the SoS at hand based on the ABS approach.

– Implementation of the solution proposed, and carrying out multiple scenarios to test out

the SoS systems, and the arena venue performance.

Limits and future perspectives

Working on SoSmodeling in an iterative process as shown in the SoS SE life­cycle, where SoS’s

are never in their final forms [16]. Since simulation is a direct model analysis, this leave the
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room for a large amount of future improvement.

We can improve this simulation by doing it on a real life architecture drawing, with real life

data (e.g. the average pedestrian rate entering the arena, average search time upon entering etc),

with more details on the crowd and systems architectures and behaviour, to benefit the most of

ABS approach.

Another interesting approach for the future improvement is integrating the advancement that

Artificial intelligent brings in human behaviour to human based simulation like this, the other

way of AI integration into simulation is using it as a way of result analysis, the amount of data

we can gather from these simple scenarios if we test every possibility, is big enough to take a

huge amount of time to consider a kind of automation result analysis, if we can train Artificial

intelligent to understand the mission at hand the amount of time we can save is uncountable,

without mentioning the ability to find new insight to the SoS behaviour that a human being may

overlook.

During this project, we have encountered many struggles. Running a simulation of this

scale with more than 5000 agents was a tough experience, simulation scenarios runs so slow, it

hindered the gathering of results due to a lack of Strong CPU performance with a lot of cores.

In addition trying to model real life scenarios in no existent arena, was also a tough mission due

to the lack of familiarity with the systems and the arena.
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