Analyzing Emergency Evacuation Strategies for
Mass Gatherings using Crowd Simulation and
Analysis framework: Hajj Scenario
Imran Mahmood

Muhammad Haris

Hessam Sarjoughian

Center for Research in Modeling,
Simulation & Vision (Crimson),
National University of Sciences and
Technology, Pakistan

Center for Research in Modeling,
Simulation & Vision (Crimson)
National University of Sciences and
Technology, Pakistan

Arizona Center for Integrative
Modeling & Simulation (ACIMS),
School of Computing, Information,
and Decision Systems Engineering,
Arizona State University, USA

imran.mahmood@seecs.edu.pk

Simulation support systems ➝ Simulation tools. • Computing
methodologies ➝ Machine learning ➝ Machine learning
approaches ➝ Bio-inspired approaches ➝ Genetic algorithms.
• Computing methodologies ➝ Modeling and simulation ➝
Model development and analysis ➝ Modeling methodologies.

ABSTRACT
Hajj is one of the largest mass gatherings where Muslims from all
over the world gather in Makah each year for pilgrimage. A mass
assembly of such scale bears a huge risk of disaster either natural
or man-made. In the past few years, thousands of casualties have
occurred while performing different Hajj rituals, especially during
the Circumambulation of Kaba (Tawaf) due to stampede or chaos.
During such calamitous situations, an appropriate evacuation
strategy can help resolve the problem and mitigate further risk of
causalities. It is however a daunting research problem to identify an
optimal course of action based on several constraints. Modeling and
analyzing such a problem of real-time and spatially explicit
complexity requires a microscale crowd simulation and analysis
framework. Which not only allows the modeler to express the
spatial dimensions and features of the environment in real scale, but
also provides modalities to capture complex crowd behaviors.
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1. INTRODUCTION
A mass gathering, as defined by World Health Organization is: “A
planned or unplanned event at a specific location, attended by a
huge number of people for a common purpose. This number is
sufficient enough to strain the planning and response resources of
the community, state or a nation hosting that event” [1]. Mass
gathering can be classified as: (i) Religious obligation like Hajj (ii)
Sport events like Olympics and celebrity shows; and (iii) Political
like procession and rallies or social riots. The increasing influx of
large numbers of people to mass gathering events may give rise to
complex disastrous situations, thus require extreme planning and
operational support for Public Safety & Security (PSS)
preparedness by the organizers of mass gatherings or the
governmental entities in general.

In this paper, we propose an Agent-based Crowd Simulation &
Analysis framework that incorporates the use of Anylogic
Pedestrian library and integrates/interoperate Anylogic Simulation
environment with the external modules for optimization and
analysis. Hence provides a runtime environment for analyzing
complex situations, e.g., emergency evacuation strategies. The key
features of the proposed framework include: (i) Ability to model
large crowd in a spatially explicit environment at real-scale; (ii)
Simulation of complex crowd behavior such as emergency
evacuation; (iii) Interoperability of optimization and analysis
modules with simulation runtime for evaluating evacuation
strategies. We present a case study of Hajj scenario as a proof of
concept and a test bed for identifying and evaluating optimal
strategies for crowd evacuation

Hajj is one of the largest mass gatherings, where about 3 million
Muslims gather in Makkah (Saudi Arabia), from over 140
countries, each year for a minimum of five days and up to 40 days.
Following an exponential rise in the past decade, Makkah becomes
the site of extreme crowd densities with huge inflow of crowd and
quite vulnerable to serious disasters including stampede, accidents,
construction failures, fires and communicable hazards [2]. Factors
that magnify these risks include: extended stays at Hajj sites,
extreme heat, densities above 6 or 7 persons per square meter,
individuals’ inability to move at concentrated regions and jostle to
find breath, groups swept along in waves, struggling to avoid
falling and being trampled, thus hundreds of deaths can occur as a
result. Moreover, the advanced age of many pilgrims with premorbid health status adds to the mortality risks. In the past, these
disasters took place many times during Hajj. In July 1990, 1426
people were killed in a crowd crush as a result of improper crowd
control. In 1997, 343 pilgrims were killed and 1,500 injured in a
fire incident. Similarly, in 2006, 346 deaths took place in stampede
in Mina valley while throwing stones at pillars. In 2015, crane fell
in the courtyard of Masjid-Al-Haram (grand mosque) causing a
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total of 512 casualties. Again, in September 2015 more than 2000
pilgrims were crushed due to stampede at Mina [2].

1.1.1 Crowd Simulation
In last few years, a lot of models have been proposed to simulate
crowd motion. Dorine and Winnie [7] describes few of the models
to simulate pedestrian movements. They focused on Cellular
Automata, Social Force, Velocity-Based, and Behavioral models.
Cellular Automata are microscopic models with grid-based motion
decisions. Social Force models are also microscopic models, but
they focus on continuous space. Velocity-based models present
pedestrians actively seeking free paths through the crowd by
avoiding moving objects that are in their way or field. The
behavioral models have been developed to take the more
psychological influences of pedestrians into account. Talib and
Haron [8] proposed a model using cellular automata approach to
simulate the pilgrims in a circular Tawaf movement. They claimed
that most of the simulation software are not efficient to simulate
circular movements in Tawaf area and they also can’t handle dense
crowds. Their main focus was mostly on the movement of pilgrims
in the Tawaf area. Moreover, their proposed model is capable of
handling thousands of pedestrians.

The aforementioned disasters can be prevented through proper
crowd management & control strategies and is usually expressed as
a governmental responsibility under PSS departments. An effective
PSS infrastructure for crowd management & control consists of the
following key components: (i) Monitoring, (ii) Mitigation, (iii)
Preparedness & Incidence Response and (iv) Recovery [3].
Monitoring involves a continuous process of observing real-world
activities and supervising the crowd flow. Mitigation concerns preemptively preventing possible emergencies, planning exit points &
escape routes etc. Preparedness deals with the timely preparations
to handle dangerous situations such as firefighting, construction
failures, or natural disasters. Incidence response involves timely
rescue operations, emergency evacuations, crowd management,
shelter and medical services during crisis. Recovery deal with the
actions taken to return to a normal state. An efficient PSS
infrastructure relies on smart planning and decision support
systems that can provide quick and accurate identification and
assessment of optimal strategies to be used for a real-world
situation under a specific context.

Sarmady and Haron [9] also simulated the crowd movements in the
Tawaf area. In this work they have also focused on the
characteristics and behaviors of individual pedestrian agents. In
order to simulate pedestrians using multi-agent methods we need to
develop a model of human movement process. For the development
of human movement process psychological processes must be
taken into account to simulate pedestrian behaviors. Another recent
work attempts to model high-density crowd dynamic flows in
autonomous and controlled scenarios. A microscopic approach was
used to model and analyze pilgrims movement for the evaluation of
the Tawaf capacity of the Mataf area (the courtyard) based on
observed collective behavior in emergency conditions, where the
detailed design of interactions is overlapped by group behavior
[10].

With the advent of modern Modeling and Simulation (M&S)
paradigms, there has been an increasing trend in the use of M&S in
PSS planning and decision support. Simulation models are now
becoming useful in replicating scenarios of safety/mission critical
systems in a risk-free, low cost, time independent and harmless
experimental environment where modelers can exhaust trials of
different nature to gain the insights of the system, compare different
alternatives or to find best design parameters [4]. Modeling and
simulation plays a vital role in solving crowd evacuation problems
[5]. Modeling the crowd behavior and movement of each individual
in a crowd can help reduce the number of deaths that take place in
a building or a public area. As the population is growing
exponentially which is eventually leading to make the public places
busier and causing crowd related disasters.

1.1.2 Crowd Evacuation
Zhong and Cai proposed an evolutionary algorithm-based
methodology for crowd evacuation. The proposed framework was
developed using agent-based model and Cartesian Genetic
Programming (CGP) to find out the optimal heuristic rule. The
main idea was to divide the area into sub-regions and dynamically
determine the exits for each sub-region. System incorporates the
situation dynamically and calculates the evacuation rule and guide
the pedestrians about optimal exit. The proposed methodology was
experimented on different scenarios and generic solution was
presented to minimize the evacuation time. The movement of
agents and gaining the dynamic environment features was
challenging, which was overcame by using LifeBelt device. This
device is capable of receiving commands from global center and
recommending individuals exit for each sub-region [11]. Ferscha
and Zia [12] suggested a wearable device that silently guides the
individuals in crowd to evacuate. LifeBelt is a wearable device that
assists individuals to find their way towards exits during
unexpected circumstances. LifeBelt contains sensors, using these
sensors individuals’ positions can be captured and sent to some
centralized system. This device contains eight vibrators associated
to belt controller; built on microcontroller board, that receives
commands from global evacuation control unit. It then calculates
the shortest exit paths according to the sensed situation and guide
individuals to designated evacuee areas. Authors has proved that
using wearable device, crowd panic and evacuation time can be
reduced. A modeling framework for large-scale crowd evacuation
was developed with multiple exit gates. The basic idea was to use

In recent years, M&S technologies have gained tremendous
momentum in investigating crowd dynamics [5]. Crowd
Simulations can be distinguished into two broader areas. The first
one focuses on the realism of behavioral aspects like evacuation
simulators, sociological crowd models, or crowd dynamics models.
The second area aims at a high-quality visualization of crowd with
a convincing visual result and an emphasis on rendering and
animation methods [6]. Another classification of crowd simulations
is based on the size of the crowd and the approach used. Simulated
crowd sizes may vary from tens or hundreds to a couple of hundred
thousand or million individuals. Usually large crowds are treated as
a whole (macro-scale) where the global trend of the crowd is the
focus due to high computational need. For smaller crowds
(microscale), the individual behavior is modelled in detail to
support investigation of crowd dynamics at individual level [5]. In
this paper, we place a balance between both extremes and use an
intermediate approach (mesoscale). The crowd size is reasonably
large (10,000) but possess some unique individual attributes and
behavior so that they can be incorporated while globally examining
the crowd dynamics.

1.1 Related Work
This section projects some representative work in crowd simulation
and crowd evacuation categories.
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Genetic Algorithm (GA) to find optimal evacuation paths and
Cellular Automata (CA) based simulated model to evaluate the
fitness of proposed solution. They have divided the entire area into
subareas and find optimal exits for each subarea. Furthermore, the
delay concept was introduced to minimize the overcrowding. Each
subarea was assigned a specific time to start the evacuation to avoid
the congestion on evacuation paths and exit gates [13].

Table 1: Pedestrian Library Control Blocks
Pedestrian flow Blocks

This paper proposes an Agent-based Crowd Simulation & Analysis
framework that harness comprehensive approach: (i) to model a
huge number of pedestrians as agents, and real scale environments
e.g., stadium, malls, campuses and large mosques, as spatial
networks; (ii) to simulate movements of high density crowd in the
modeled environments using real or virtual time simulation
approaches using different experimental settings; and (iii) to
provide detailed assessment of different crowd management &
control strategies such as emergency evacuation. Our proposed
framework incorporates the use of Anylogic Pedestrian library for
Agent based modeling of pedestrians at a microscale, where each
agent possesses structure (attributes) and behavior (states) and can
communicate with other agents through message passing. A
population of agents is modeled as crowd using Pedestrian library.
The crowd simulation is built in Anylogic and is integrated with
our Optimization and Analysis modules and can interoperate with
our framework under different experimental settings. The
implementation details are discussed in Section 3. We present a
case study of Hajj scenario as a proof of concept and a test bed for
identifying and evaluating optimal strategies for crowd evacuation.

PedSource

Generates an initial population of
pedestrians with given arrival rates

PedSink

Disposes pedestrians. Pedestrian are
removed on entering PedSink

PedEnter

Places pedestrians into an area
defined by a Space markup element.

PedExit

Removes pedestrians from an area

PedGoTo

Directs selected pedestrians to go to
a specified target, defined by a point,
line or area (e.g., Exit gate).

PedWait

Causes pedestrians to wait for a
specified time in a specified location.

PedSelectOutput

Routes the incoming pedestrians to
1/N output ports depending on a
specified condition or assigned
probability.

Settings Blocks
PedConfiguration

The rest of the paper is organized as follows. Section 2 describes
the background concepts used in this paper. Section 3 describes the
proposed framework. Section 4 presents the simulation studies,
case study and experimental results. Finally, Section 5 frames the
summary and conclusions.

Configures general parameters
related to all objects of the Pedestrian
Library

PedGround

Defines a 2D surface in the simulated
environment, representing floor on
which pedestrians can walk

2. BACKGROUND

PedArea

Represents an area defining physical
rules and restrictions for pedestrian
behavior

In this section, we briefly discuss background and basic concepts
of techniques used in this paper.

PedAttractor

Allows controlling pedestrian’s
location when waiting.

2.1 Anylogic Simulation Environment
Anylogic Simulation environment [14] provides both a user
friendly Integrated Development Environment (IDE) and an
efficient simulation engine that allows the modelers to quickly
create and simulate high fidelity models of complex systems. It
supports different modelling techniques such as Discrete Event,
Agent Based and System Dynamics. Anylogic provides rapid
prototyping through a user-friendly interface, Java-based
development environment and a set of multipurpose component
libraries, which all together help to speed up the modelling process
[15].

APL also provides mechanisms for developing spatial
environments using Cartesian or GIS-based coordinates systems
and support graphical definition of spatial elements like walls,
obstacles, gathering areas using Space Markup Elements [17].
Models created using different blocks of APL simulate pedestrians’
movements in continuous or discrete space and support crowd
behavior such as their reaction on obstacles, collision avoidance,
movements in groups, queuing, scattering etc. all depending on the
physical rules of simulation. Error! Reference source not found.
presents an overview of selected control block classes used in the
model discussed in Section 3.

2.1.1 Anylogic Pedestrian Library (APL)
Anylogic includes a pedestrian library [16] that primarily deals
with different modeling aspects of crowd simulation. It is used to
model microscale behavior of pedestrians using agent based
approach and simulate the pedestrians flow in physical
environments such as shopping mall, airport and subway stations.

3. Crowd Simulation & Analysis Framework
This section provides technical details of our proposed framework
as our main contribution of this paper. Figure 1 illustrates layers
and main modules of our framework. Our proposed framework
consists of the following layers:
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3.1 Simulation Layer

3.3 Optimization & Analysis Layer

In this layer, we propose the use of Anylogic simulation
environment using which a modeler can design spatial
environments for any large crowd. The Space markup library
provides necessary elements for developing a real-scale graphics
model of a continuous space. It also provides import feature for
AutoCAD floor plans or GIS shape files. Using this feature the
spatial geometry can be modeled precisely up to the scale of a realworld environment. Furthermore, the modeler can use Agent based
modeling approach to describe the nature of individuals and their
interactions in a crowd, by defining attributes e.g., Age, Weight,
Gender etc. Finally, the modeler is required to create a logical
model of crowd using the Pedestrian library blocks discussed in
Section 2.1.1. The library can import previously created agent
population and the spatial environment and implements the flow of
pedestrian as per physical rules defined by the modeler. (We
present a case study of Hajj Scenario in Section 4 as an example.)

The main purpose of this layer is to allow users to implement and
integrate optimization algorithms or use external java frameworks
for such purpose. This layer allows flexibility and independence for
using any optimization approach and utilizes the interface layer for
interacting with Simulation model in a variety of ways. Keeping in
view high end computational requirements of optimization
algorithms, we implemented multi-threaded interaction with
interface layer in order to run the simulation model parallel with
varied input parameters, thus contributing in high performance of
the optimization process. The analysis part of this layer includes
data collection during optimization process, output analysis and
visualization. This layer can further be integrated with external
libraries of automated analysis and visualization.

4. Simulation Study: Hajj Scenario

Once the model is ready and compiled successfully, the modeler
can create any number of experiments. Each experiment uses input
parameters and executes the model on the Anylogic simulation
engine (in real or virtual time modes). The visualization module is
used to show animation of the crowd dynamics.

In this section, we present a case study of Hajj Scenario as an
example to demonstrate the functionality of our framework and as
a proof of concept. The scenario presents emergency evacuation of
crowd from the Holly Mosque of Makkah. Following steps are used
in this process:

3.2 Interface Layer
This layer enables the integration & interoperability of Simulation
layer with external programs. We develop a Java based middleware
that interfaces with the Simulation layer and allows the user to
expose input parameters of the Simulation model as public
variables which can be configured outside the simulation layer.
This middleware also provides the use of Call-back functions that
can be used externally for accessing model objects, periodically, at
particular events or throughout the lifetime of the simulation thus
become useful in allowing interleaved operations during the
simulation runs.

4.1 Model Development (Simulation Layer)
The model of Hajj scenario is built in the simulation layer. It has
three main constituents: (i) Spatial Environment, (ii) Agent Design
and (iii) Pedestrian behavior.

4.1.1 Spatial Environment
At first the physical environment is built Figure 2 shows the top
view of the environment built for the crowd simulation using
Autocad drawing of Masjid Al-Haram (the grand mosque of
Makkah). The mosque is divided into two parts: (i) Inner region,
which is an open courtyard where the Kabba (cube) is located in
the center; and (ii) the outer region which is a regular mosque
building. Pedestrians (pilgrims) enter the courtyard from different
entrances (archways) and perform Tawaf. In the first step of
developing the crowd model, the Autocad drawing is imported in
Anylogic Graphic editor and the spatial elements are used to sketch
the inner region using Polylines. The polylines are converted into
Walls and 12 entrance/exit points are drawn as shown in Figure 2.
Some obstacles are also drawn in the center.

4.1.2 Agent Design
In the crowd simulation model development, a modeler can either
use default agents or can create new types of agents with a custom
physical and behavioral design. Physical structure includes
attributes such as age, gender, height, weight etc. whereas behavior
include states such as: normal, injured, critical, unconscious or
deceased etc. Agents can also be related to each other in many ways
e.g., family relations, group members, nationality. Anylogic
provides several probability distributions to initialize a population
of agents and randomly generate initial values of these attributes
based on a selected probability distribution. The behavior of agents
is controlled using state charts with time triggered or event
triggered transitions. The relationships of agents can be
implemented using Agent Network API. Modelers need to consider

Figure 1: Crowd Simulation & Analysis framework
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This function interfaces a method onFinish which lets the external
environment know that the simulation run is finished. We use it to
collect and access the total evacuation time when all the pedestrians
have exited the mosque.

the tradeoff between level of details required for the individuals in
a crowd model and the computational power required to execute
the models. In our experience an agent model with greater number
of details, and for a population of more than a couple of thousand
individuals is not easily executed on a desktop PC, and instead
requires a cloud computing platform.

4.1.3 Pedestrian Behavior
The behavioral logic of the crowd simulation is implemented using
Pedestrian flow controls as shown in Figure 3. A brief description
of each block shown in Figure 3 is provided in Section 2.1.1. At
first the pedConfiguration block is used to assign types of
individual entities. A modeler can select the default class of
Pedestrian (Ped) or can assign user defined agents (Section 4.1.2).
Then pedGround and pedArea blocks are used to configure and
assign the spatial environments created previously (Section 4.1.1).
The pedAttractors blocks are points, lines and polygons used to
direct the flow of pedestrians in an open area. Figure 2 shows the
concentration of pedestrians in circular orbits, due to the attractors
used. When the configuration blocks are ready, the pedSource
block is used to generate a crowd with an assigned rate of arrival.
The pedWait block is used to keep the crowd waiting in an area,
after which it moves to the pedSink block and is removed from the
system. The pedWait can also be cancelled using a method call
which will cause the pedestrians to move to pedSelect blocks. There
are three pedSelect switch blocks (PS) direct selected pedestrians
to designated pedGoto blocks (i.e., Gate1, …, Gate12). We
assigned a long pedWait duration (100 min) and assume that while
pedestrians are in the courtyard, an alarming event occurs due to
which the pedestrians will start evacuating from the Entrance/Exit
archways and eventually from the mosque using four main gates.
For the sake of simplicity, we only consider evacuation through the
inner part of the mosque.

4.2 Simulation Experiment (Interface Layer)
In order to allow simulation interoperability of the model with
external environments, a Simulation Experiment was developed
using Anylogic Experiment framework [18]. It consists of the
following parts:

Figure 2: Masjid Al-Haram Spatial Model in Anylogic

4.2.1 Interface Parameters
It includes the definition of parameters exposed to the external
environment for controlling the simulation. The details of
parameters selected for external interface are presented in Section
4.5. The visibility of exposed parameters should be public.

4.2.2 Call Back Functions
Depending upon the needs and usage a modeler can create various
types of call back functions in order to access data of model objects
at different times via different events. For the external use, we
implemented the following callback function:
public interface Callback {
void onFinish(Main root);
}

Figure 3: Pedestrian flow controls
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4.4.2 Shortest Regional Distance (SRD)

4.3 External modules (Optimization &
Analysis Layer)

In this approach, we partition the entire area into logical subregions using polygons (see Figure 2) and divide the pedestrians in
these sub-regions based on their {x, y} positions. Then, we
calculate the nearest gate with respect to the mean position of
pedestrians in each sub-region and the shortest path is selected for
evacuation of that region. Table 3 shows the algorithm for
evacuation using SRD approach.

For the Hajj scenario, we implemented Genetic algorithm (see
Figure 4) in the Optimization & Analysis layer. The GA aims to
identify the most appropriate gate assignments so as to minimize
the total evacuation time. This module uses instances of Simulation
Experiments via interface layer for initialization and execution of
the simulations with appropriate parameters determined by the
optimization algorithm optimization algorithm. Figure 4 illustrates
the basic working of this layer. When GA initializes with an initial
population, for each candidate solution the simulation run is
performed by communicating with interface layer which sends the
candidate’s parameters to the simulation model. Once the
simulation is finished the callback function is invoked that returns
the simulation results. Based on the results, the fitness of the
solution is analyzed (i.e., compared with the fittest). Then
population is evolved for the next generation.

4.4.3 Genetic Algorithm (GA)
A genetic algorithm (GA) is a metaheuristic search inspired by the
process of natural selection and biological evolution. In GA, a
population of candidate solutions (called individuals) is evolved
toward better solutions. The evolution starts from an initial
population of randomly generated individuals and evolves in
multiple generations. In each generation, the fitness of every
individual is evaluated. The fitness is the value of the objective
function of the optimization problem. The better fit individuals are
randomly selected from the population in each generation as
parents, and a new individual is formed by their cross over and
random mutation.
Table 2: Random Crowd Evacuation Algorithm
Algorithm I: Random Crowd Evacuation
Input: Population, Time Of Emergency
Output: Evacuation Time
1 Initialize Population ⊳ Using PedSource
2
While (time < delay)
⊳ Current time is less than Ped Wait delay
3
Population Waits in the area ⊳ using PedWait
4
If Time of Emergency event has occurred then
5
Start Time  Current Time
6
Cancel Wait
⊳ Causes pedestrians to start evacuating
7
for each Ped  Population do
8
Gate  Uniform Probability (1 to 16)
9
Goto Gate (Gate) ⊳ using PedGoto
10
Remove Ped from Population ⊳ using PedSink
11
End for
12
Evacuation Time = Current Time – Start Time
13
End If
14
End While
15 Return Evacuation Time

Figure 4: Optimization & Analysis Module

4.4 Emergency Evacuation Strategies
In this section, we present three variants of emergency evacuation
strategies used in our simulation model. These variants are based
on three different approaches: Random Crowd Evacuation, Shortest
Regional Distance (SRD) and Genetic Algorithm (GA), to evacuate
the crowd in Masjid-Al-Haram.

The new generation of candidate solutions is then used in the next
iteration of the algorithm. The algorithm terminates when either a
maximum number of generations has been produced, or a
satisfactory level of fitness has been reached [18]. In this paper, we
propose the use of GA as an optimization approach for selecting the
best evacuation solution in a given scenario. In this case an
individual is defined as an array of integers representing subregions and their values represent the assigned gate from where the
pedestrians of that region will evacuate. An optimal solution will
minimize the total evacuation time for the entire crowd. Table 4
presents our GA implementation.

4.4.1 Random Crowd Evacuation
In this approach, the crowd randomly selects an exit path. This
approach simulates the actual behavior of a crowd in the state of
panic, when there is no supervisory control. When the crowd enters
the courtyard, at the time of emergency, the crowd start moving
towards exit gates based on random selection. That is, equal
probabilities are allocated to each gate at pedSelect. Table 2
presents the proposed algorithm for Random crowd evacuation
approach.

The GA is implemented in the Optimization & Analysis layer of
our proposed framework. Each time it creates an individual, it calls
the Simulation Layer for the execution with the individual’s gene
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structure as input parameters (i.e., in our case the gate assignment).
The simulation is run in a thread without GUI mode and returns the
output (i.e., Total Evacuation time), which is used at fitness value.

Table 4: Genetic Algorithm
Algorithm III: Genetic Algorithm
Input: N ⊳ No of individuals in a generation
Output: Individual with Optimal Evacuation Time
1 {Population}  Generate Population(N)
2
for Generation i = 1 to Maximum Generations
3
Fittest Individual  Best Individual in the population
⊳ With minimum fitness value i.e., minimum
evacuation time.
4
Population[0]  Fittest Individual
⊳ Pick the best from the previous generation
5
for J = 1 to N ⊳ Evolve population
6
{Group A}  Tournament Selection
7
{Group B}  Tournament Selection
⊳ Tournament selection randomly picks individuals
from previous populations in to groups.
8
New Individual Cross Over
⊳ Crossover combines a set of genes from a parent
of Group A and a parent of Group B.
9
New Individual  Mutate
⊳ With a certain mutation probability the mutate
function flips certain genes with new random values.
Population [j]  New Individual
10
End for
11
End for
11 Return Fittest Individual

Table 3: Shortest Distance of the Region (SDR) Algorithm
Algorithm II: Shortest Regional Distance
Input: Population, Time of Emergency
Output: Evacuation Time
1 Initialize Population ⊳ Using PedSource
2
While (time < delay)
⊳ Current time is less than Ped Wait delay
3
Population Waits in the area ⊳ using PedWait
4
If Time of Emergency event has occurred then
5
Start Time  Current Time
6
Cancel Wait
⊳ Causes pedestrians to start evacuating
7
for each Ped  Population do
8
Region  Get Region (Ped)
9
MeanXY  Avergage(Ped.X, Ped.Y)
10
Gate  Nearest gate from MeanXY
⊳ Gets the gate with shortest distance from the
mean position of a region
11
Goto Gate (Gate) ⊳ using PedGoto
12
Remove Ped from Population ⊳ using PedSink
13
End for
14
Evacuation Time = Current Time – Start Time
15
End If
16
End While
17 Return Evacuation Time

Procedure: Generate Population
Input: N
Output: {Population}
1 for k = 1 to N
2
Individual  Generate Chromosome (length)
Fitness  Calculate Individual Fitness
⊳ Run simulation model for the individual with assigned
gates for each region and returns Evacuation Time as fitness
value.
3
Population [k]  Individual
4 End for
5 Return {Population}

Procedure: Get Region
Input: Ped
Output: Region
1 for each region  {Polygons}
⊳ Regions are defined using polygons (fig 2)
2
{X, Y}  {Ped.X, Ped.Y}
3
If region contains {X,Y} then
4
Region = region
5
End if
6 End for
7 Return Region

Procedure: Generate Chromosome
Input: Length
Output: Individual
1 for k = 1 to Length
2
Gene  Random gate  {Gates}
⊳ Randomly selects a gate with uniform distribution
Individual[k]  Gene
3 End for
4 Return Individual
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4.5 Simulation Results

4.3.5 Genetic Algorithm (GA)

This section presents the simulation results for each of the three
evacuation scenarios discussed in Section 4.2. The simulations are
developed in Anylogic 7 University 7.1.2 running on Intel iCore7
Windows desktop PC with 16GB RAM. The simulation design
parameters for each evacuation strategy are defined as follows:



Population = 10,000



No. of Sub-regions = 16



Time of Emergency = 1.3 minute



Average Speed of the Crowd = Triangular Distribution with
Min=1.0 m/s, Max = 2.0 m/s and Most likely=1.4 m/s

4.5.1 Random Crowd Evacuation (Random)


Population = 10,000



Time of Emergency = 1.3 minute



Average Speed of the Crowd = Triangular Distribution with
Min=1.0 m/s, Max = 2.0 m/s and Most likely=1.4 m/s



No. of Simulation runs = 10

4.3.2 Random Timed Crowd Evacuation (Random-T)


Population = 10,000



Time of Emergency = 1.3 minute



Average Speed of the Crowd = Triangular Distribution with
No. of Simulation runs = 10



Time delay = 1.5



Time delay assignment probability = 0.5

Population = 10,000



No. of Sub-regions = 16



Time of Emergency = 1.3 minute



Average Speed of the Crowd = Triangular Distribution with
No. of Simulation runs = 10

4.3.4 Shortest Regional Distance Timed (SRD-T)


Population = 10,000



No. of Sub-regions = 16



Time of Emergency = 1.3 minute



Average Speed of the Crowd = Triangular Distribution with
No. of Simulation runs = 10



Time delay for all inner regions = 1.5



No of Generations = 50



Cross Over Gene Selection = Uniform Distribution [0 to 6]



Mutation Rate = 0.015



Tournament Size = 5



Elitism = true

Figure 6 presents the evolution of the fitness value achieved in 50
generations. The blue line represents fitness values at each
generation whereas the red line is being used as a smoother to
depict the decent. It is noticed that GA directs regions to optimal
locations, whereas SDR-T may allocate two regions to one gate that
delays the evacuation due to overcrowding. We have reasons to
believe that GA may perform even better when there are multiple
constraints i.e., some exits are closed due to danger, in which case
GA can easily discard those chromosomes that consists of restricted
gates; or the shortest aerial distance from the mean position of a
region to an exit might not be geometrically the shortest path for
evacuation.

Min=1.0 m/s, Max = 2.0 m/s and Most likely=1.4 m/s


Population N = 10;

The bold red line represents the Time of emergency (1.3 minutes).
For all the experiments the evacuation starts at this time. The worstcase scenario is Random Evacuation with a mean of 7.4 min.
Whereas Random-T performs slightly better than Random with a
mean of 6.0 min due to the time sequence the exit points are not
completely jammed. SRD performs much better than the Random
approach with a mean of 4.0 min because it allows a group of
people to take their nearest exits. SRD-T performs even better than
SRD with a mean of 3.6 min due to the same reason mentioned
previously. GA on the other hand performs the best with a mean of
3.1 min. Initially GA is slower than SRD-T but eventually it
finishes earlier.

Min=1.0 m/s, Max = 2.0 m/s and Most likely=1.4 m/s




Figure 5 illustrates the mean plots for three types of evacuation
strategies and a total of five distinct scenarios. In this paper, we
assume uniform distribution of crowd across the area, common
speed distribution (i.e., Triangular Distribution with Min=1.0 m/s,
Max = 2.0 m/s and Most likely=1.4 m/s) and the exit gates are of
same size. We also assume that all pedestrians evacuate with equal
priority. Changing these initial conditions may cause variations in
the results.

4.3.3 Shortest Regional Distance (SRD)


No. of Simulation runs = 10

5. Discussion

Min=1.0 m/s, Max = 2.0 m/s and Most likely=1.4 m/s
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Figure 5: Mean Evacuation Time of different Strategies
different crowd evacuation techniques). We propose an Agent
Based Crowd Simulation & Analysis framework that consists of
three layers: (i) Simulation layer allows the modelers to create
crowd simulation models using Anylogic simulation environment,
(ii) an Interface layer extending the functionality of Anylogic with
external modules and allow interaction & interoperability of crowd
simulation models using Java based middleware; and (iii) an
Optimization & Analysis layer that supports implementing or
integrating optimization algorithms that can interact with the
simulation layer via the Interface layer so that the optimization can
be performed with simulation in the loop, and can be useful for the
assessment of optimization approach.

Time Series Plot of GA

Fitness (Evacuation Time)
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We use a case study of Hajj as an example, and presented key steps
in preparing a crowd simulation model and using it with our
framework for the assessment of crowd evacuation strategies. We
provide details of the simulation experiments and discuss their
results. These results show a comparative analysis of different
crowd evacuation strategies and their performance during the
simulation runs for Hajj scenario. When the crowd simulation
scenario becomes more complex with more physical and behavioral
details, the performance of these evacuation strategies may vary.

50

Generations

Figure 6: Evolution of Genetic Algorithm

6. CONCLUSIONS
In this paper, we discuss crowd gatherings as a potential source for
resulting in natural and manmade disasters. We discuss how crowd
simulation models can be useful to replicate the real-world
scenarios in risk free experimental environments that allow
modelers to study and analyze crowd dynamics (e.g., assessing

In essence we contribute an open framework that utilizes the
potential of Crowd Simulation tools like Anylogic and allow
integration and interoperability of external modules for simulation,
optimization and analysis. Our framework can be easily deployed
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at Public Safety & Security (PSS) management organizations and
can benefit developing decision policies.
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Guidance for Crowd Evacuation," in International
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We are further interested to extend our framework to support
integration and reuse of different simulation runtime environments
and optimization algorithms. Additionally, we aim to implement
integration of real-world sensors and actuators for Real-world in
the loop modes, where e.g., the GIS coordinates of a crowd is
acquired for input and the actuators are used to manage the crowd
flow for optimal evacuation.
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