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We develop a multi-level, multi-stage, agent-based framework that automates decision-making processes during crowd
evacuations in dangerous scenarios. We model a hybrid architecture for managing crowd individual behaviors, and
overall crowd behavior, using a heterogeneous agent-based modeling approach within dynamically changing
environments due to external stimuli such as fires, congestions, etc. Our novel multi-component, agent-based modeling
framework is applied to simulate the components, varying individual behaviors and phenomena of complex systems

within massive crowds that represented among prayers in the last floor (the upper level) of Al- Haram Al-Sharif Mosque.
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The proposed framework integrates a probabilistic model with a dynamic generating process of intelligent guide agents,
which enables the automatic generation of decisions that are optimal for neighboring agents. The versatile agent-based
framework we have developed encompasses the fundamental principles of modeling as commonly applied to crowd
dynamics. Our crowd dynamics decision-making modeling is organized into three levels: strategic, tactical and
operational. The formulation of a plan and its final objective are drawn at the strategic level. At this level, no information
is provided about the real circumstances. At the tactical level, we compute and perform all activities to facilitate the
formulated plan. This level addresses short-term decisions like avoiding obstacles or changing plans based on new
information. The operational level addresses the physical actions and activities developed at the tactical level. We aim to
accurately simulate the real crowd behaviors and phenomena, allowing for improved decisions taken to enhance the
complex process of crowd management under various scenarios. Also, our goal is to be able to mimic intelligent, self-
organizational behaviors and gain reliable results. The model results will enable us to evaluate the conditions that might
occur within the network and improve our understanding of which assumptions and future developments could have

the most impact in managing crowd.

Introduction

Multi-agent systems are used to model and simulate complex systems, which range across various contexts and both
biological and social systems. This simulation method is known as agent-based modeling (ABM) [1, 2]. The ABM
approach which models complex systems is a form of optimization of individual solutions [3, 4]. The agents in the
decentralized system have no direct information about their global position but do have information about their nearby
neighbors and their environment locally. However, they can use this local knowledge to collectively construct a
coordinate system [1-4].

Here we present a novel multi-component, agent-based modeling framework that simulates the components, behaviors
and phenomena of complex systems [5, 6]. A decentralized multi-agent control strategy is proposed and investigated on
an autonomous microgrid. In a crowd complex system [2, 4], agents adjust their behavior according to their current
states, to other agents’ states and to their environment. Thus, ABM is a suitable approach to use to study crowd
behaviors. Our model [6] is a computational discrete-time simulation scheme. We outline our support system with
finite-state machines and use a genetic algorithm to optimize the selections and decisions taken by crowd individuals.

We build the model to explain and predict observed interactions among real agents [6].

Research aims

We aim to accurately simulate the crowd behaviors and phenomena, thereby improving crowd management decisions.
To ensure the effectiveness and robustness of our model in supporting crowd management decisions, we build a novel,
multi-component, agent-based modeling framework. To this agent-based framework we introduce an adjustable
approach for simulating human perception and decision-making in dangerous scenarios. The events that occur during a
crowd evacuation are complex and have far-reaching implications for the safety of individuals [7]. Our framework will
support crowd management decisions by elaborating what-if scenarios. Also, we aim to support event planners’ and
building designers’ decisions. We use modeling and simulation as a means for developing a deep understanding of both
complex systems and complex adaptive systems behavior. Because of the emergent phenomena of complex systems,

ABM is an effective approach to address the question of how a system’s behavior connects to the behaviors and
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characteristics of its individual components. The main goal of this work is to create a model that is able to simulate
varying individual behaviors within massive crowds that represented among prayers in the last floor (the upper level) of

Al- Haram Al-Sharif in Makkah [8] (Fig. 1), during evacuation.

Research methodology

In this proposed model we exploit the ABM approach and the non-homogeneous CA [9-18] to provide a multi-layered
decision support system in cases of crowd evacuation. The work we propose here develops a new simulation method to
understand the movement of large crowds during evacuations from buildings. Our work introduces a multi-leveled
model where pedestrian dynamics are divided into three main levels of decision making [16, 18]: strategic, tactical, and
operational. The planning for pre-trip of the route and the final destination is designed at the strategic level. At this level,
no information is provided about the real circumstances [19]. At the tactical level, decisions for short term, like avoiding
obstacles or change of route depending on the real situation, are addressed. Additional information about the crowd
such as the flow of agents is available at this point [20]. The operative level represents the agents’ movement that
includes the connection with other pedestrians [21].

Our simulation model consists of multiple sub-models, as it is shown in the system overview in Fig. 2, starting with the
model of how the agent selects its goal destination. Then, we model the act of avoiding obstacles as well as collision
with neighbored agents. Also, our hybrid version of agent-based model includes simulating the leading and following
behaviors of agents after dynamically upgrading certain agents to the intelligent level and enabling them to perform
some sort of guidance behavior, as detailed below. Besides avoiding collisions with neighboring agents, the framework
also includes a model of avoiding high density areas in order to reduce the overall travel time. Our work represents an
approach for modeling and simulating complex and dynamic crowd systems, both at microscopic and macroscopic
levels. The highest layer represents the macroscopic phenomena of the crowd that would be difficult to model in CA
frames. This layer represents the connections between intelligent guide agents to enhance the decisions for the whole
system as it will be described below. The base layer is composed of a high determination CA framework for every open
space, which shows how the agents’ neighborhood moves as well as the development of decision-making at the
microscopic level of the system. Fig. 3 demonstrates the two-layered structure of the proposed system.

The environment component of this ABM model defines the elements of the physical space, such as a city, building,
roads, etc. The simulation environment s presented as a lattice, which is a two-dimensional array of 77x n cells. We have
designated specific types of cells in a lattice of a non-homogeneous cellular automaton. These are obstacle cells, which
are unreachable, target cells, which represent exits in the evacuation scenarios, and the reachable cells, which are
considered as the movement space. In this model, static floor field (SFF) [22] is used to indicate the distances to a
destination for every agent in the environment. A target static floor field value is assigned to every cell to describe the
distance to the earliest chosen target (exit).

The agents in our model are randomly assigned with objective and subjective parameters at the beginning of the
simulation. The individuals’ characteristics, or subject parameters, include awareness of the environment, education
level, cooperativity, adaptability, flexibility, perception of potential risks, acceptance to follow orders, and ability to
access global information about the environment. On the other hand, agents’ objective characteristics include age,

health status, propensity to panic, mobility, and communication capability.
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1. Target-driven decision-making model

The optimal initial target decision is impacted by different factors that the agents perceive from the environment. In our
model there are four important factors: the distance to a target, the width of the target (exit), the speed of the agent, and
the density at the target. For each agent a we calculate the initial target decision (/7D) function for each target. For j

. d; td;
targets in the environment, the /7D function is calculated as follows: ITD(a):mln( s_] + - ) ,
3 .

(2)

2. Transition decision-making model

Wj

At every time-stamp, the agent awill move to the neighbor empty cell with the highest transition probability, p, to move
to an unoccupied neighbor cell (; /) that is determined by the four factors: dynamic floor field, target floor field,
obstacles floor field, and the density around the next target cell. In each time-stamp, the dynamic floor field Dj; decays
with some probability and diffuses with some probability to one of its eight neighbor cells. In order to calculate the
dynamic floor field, we first initialize all the cells to 0, i.e., at =0, 0% =0 for all cells. Then we calculate the dynamic

floor field (DFF) according to decay and diffusion as follows:

a(1-6)
Di =1 —-a)(1—-68)Df; + " (Dfy1j + Dfyj + Dfyyjys + Diyyjog + Dfjiy +
Dfyj41+Dfjq + Dit—l,j—l)' (3)

In our model, we also consider that people usually avoid walking close to walls and obstacles. In our model, the
repulsive obstacle potential is inversely proportional to the distance from the obstacles. Thus, the impact of the target
static potential field is affected by the obstacles floor field (OFF). The values for the cells occupied by obstacles is set to
be the higher values of the cells in the environment. The obstacles’ static potential field is calculated as follows: OFF(x,y)
=min(Dmax dx,)/) )

For each agent a; we calculate the transition probability to each empty cell (x_y) inits Moore neighborhood as follows:

P(x,y) = N exp (—kiTFF(X, y) + ko DFF(X, y) + ko OFF(X, y) + Kgen Den(x, y) + ki 1), (5)

3. Agentstatus upgrading model

The third stage in the ABM simulation is to classify different types of agents in the environment. The agent-based model
here represents two sets of evacuees: the first set who is familiar with the building geometry, and the other one who is
unfamiliar. In our proposed model, this is a major stage as we examine the agents’ expected behaviors. This
classification is done based on subjective and objective characteristics of the individual agents, as shown in Algorithm 1.
Being an intelligent agent means that agent is relied upon during the decision-making processes by other agents.
Particularly, unfamiliar agents apply only the operational level of crowd modeling by following or mimicking intelligent

agents’ movements, thus maintaining the collective pattern.
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ALGORITHM 1: Agents’ Status Upgrade

for each agent a in the simulation environment do
a.Objective-Parameter = Random [0,1];
a.Subjective-Parameter = Random [0,1];
end
Divide the environment space into equal regions;
for each environment region do
if (Density > Density-T hreshold) then
if (a.Objective-P arameter < Objective-T hreshold) and
(a.Subjective-P arameter > Subjective-T hreshold) then
a.Status = Intelligent;
a.MooreNeighbors.Status = Follower;
end
end
end

4. Evaluation of trustworthiness model

Trust between agents is defined as the agent’s expectation about another’s perspectives. In our model, we investigated a
trust evaluation algorithm for agents in a multi-agent system based on the trustworthiness of related intelligent agents.
We introduce here the trust concept as the agent’s confidence in the ability of a related intelligent agent (information
source) to deliver accurate information. Particularly, the probability that a following agent would approve of an
intelligent agent’s opinion on a specific target is dependent on the approval of the neighboring agents about the
decision taken by the intelligent agent. Suppose an intelligent agent p provides knowledge, or decision g to agent a.
Suppose nneighboring agents have contributed to the current decision ¢. In other words, agent a trusts intelligent agent
pif trustworthiness probability value is greater than or equal to a predefined threshold. The trustworthiness probability

about the decision gis calculated as follows:

P(q) = ¢ YL, Y2, P(qla))P(a)), (6)

Results and discussion

The ultimate aim is to test the capability of the presented model in improving the crowd behaviors during evacuation.
Also, one of the main criteria for the performance evaluation of our crowd simulation model is the total travel time
needed for the agents to reach their individual goals. We should ensure the shortest possible trip time for the agents to
reach their destinations. Different attributes of the crowd have to be considered in the implementation of the model.
This includes, but is not limited to, the individual characteristics of the agents, such as language, culture, age, and
environment obstacles that could be caused by external events or the agents themselves.

Fig. 4 shows the variation of density to each target’s static floor field (TFF). The blue radiance represents the higher force
of attraction of the TFF value, while the yellow radiance illustrates avoiding areas that delay agents from reaching their
exit.

The distribution of agents is random throughout the environment at the beginning of the simulation. When an agent

reaches its target, he is considered evacuated from the environment, and removed from the simulation. The simulation
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model was run with ten thousand agents (prayers) in two different cases. The first case represents our model where the
tactical level is involved. In the second case we only implemented agent-based simulation without involving the tactical
level. That means there is no existence of intelligent agents in the simulation, and no application of trustworthiness.

Our approach has yielded three main insights. The first finding illustrates the model’s capability of improving the crowd
flow pattern. Fig. 5 shows that agents’ flow rate was higher in our proposed model (case 1) than the traditional ABM
application (case 2). That indicates the ability of our model to improve the overall crowd flow during evacuation. We
also found that the agents’ average speed during the simulation was higher in the proposed model. Fig. 6 shows the
estimation of the average speed of 400 agents during the simulation.

The second result is related to demonstrating the model’s efficiency in promoting the crowd overall travel time during
evacuation. Specifically, we observed that all agents in the environment have been evacuated in a short and reasonable
time, while it took the agents a longer travel time to evacuate in the traditional ABM model, as shown in Fig. 6 that
shows the total travel time for 200 agents in both cases. This result proves the benefit of relying on an intelligent agent
to improve the evacuation overall travel time.

The results demonstrate the efficiency of our models in accurately simulating the events during crowd evacuations.
Considerable changes of crowd dynamics have been detected during the simulations such as transitioning from a
random to a coordinated motion and avoiding obstacles and high-density areas. We observed significant improvement
of crowd flows during simulations compared to that observed with traditional applications of ABM. These observations
could influence multiple aspects of how evacuations are planned. For example, design of where the exits are located in
buildings, and how individuals are trained to behave during an evacuation. Taken together, our results show that the
proposed multi-leveled multi-staged agent-based model outperforms the traditional ABM approach in improving the

crowd dynamics during evacuation in a high-density simulation logic.

Summary and conclusion:

Our proposed ABM model was able to improve crowd management solutions by considering the diversity of prayers
and their characteristics involved. The aim of our model in such cases is to help Hajj and Umrah crowd management
authorities build successful schemas by predicting the crowd’s behaviors. Our model uses a finite state machine, in
conjunction with an agent-based model, to determine how agents interact with each other locally in order to generate
collision-free trajectories. The results of our model showed the ability to support the heterogeneity and high density
observed among the massive number of prayers of Al- Haram Al-Sharif. That includes using small time steps in order to
consider different pedestrian speeds and reduced mobility of some of them, e.g, elderlies. Our experimental results
provide evidence that the hybrid, multi-layered approach can be successfully applied to efficiently simulate agent
behaviors in intensive crowd environments. This research will provide promising solution to facilitate crowd
management in case of increasing number of pilgrims based on 2030 vision; where the number of pilgrims will increase
to approximately four and a half million in Hajj and thirty million in Umrah [23].

Recommendations:

One of the essential applications of our model will be crowd management during the enormous annual gathering of the

Hajj [24]. The Hajj involves over two million people from approximately 150 countries. The complex multi-agent

system represented by thein Hajj includes many agents, such as people with substantial variety of objective and
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subjective characteristics, vehicles, communication systems, disaster and crowd management authority, etc. The Hajj
crowd consists of a heterogeneous set of pilgrims with varying physical capacities and activities. Due to the special
features of the Hajj, which include the massive number of people and approximately 30,000 vehicles contained in a
limited space over a short period of time, crowd disasters such as stampedes and overcrowding are common [25, 26].
The crowd density during pilgrimages is extremely high. Many studies have been conducted attempting to improve
crowd management during Hajj to avoid such disaster [24, 25, 27]. The model’s implementation focus will include
several real-world, expected scenarios during pilgrimage. These include evacuations under risky conditions, control of
the crowd in case of panic, regimenting the massive number of pedestrians and vehicles quickly and in a safe manner,

and improving the crowd management processes in the event of an increased number of pilgrims.
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