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Abstract: The religious pilgrimage of Hajj is one of the largest annual gatherings in the world.
Every year approximately three million pilgrims travel from all over the world to perform Hajj in
Mecca in Saudi Arabia. The high population density of pilgrims in confined settings throughout
the Hajj rituals can facilitate infectious disease transmission among the pilgrims and their contacts.
Infected pilgrims may enter Mecca without being detected and potentially transmit the disease to
other pilgrims. Upon returning home, infected international pilgrims may introduce the disease
into their home countries, causing a further spread of the disease. Computational modeling and
simulation of social mixing and disease transmission between pilgrims can enhance the prevention of
potential epidemics. Computational epidemic models can help public health authorities predict the
risk of disease outbreaks and implement necessary intervention measures before or during the Hajj
season. In this study, we proposed a conceptual agent-based simulation framework that integrates
agent-based modeling to simulate disease transmission during the Hajj season from the arrival of the
international pilgrims to their departure. The epidemic forecasting system provides a simulation
of the phases and rituals of Hajj following their actual sequence to capture and assess the impact of
each stage in the Hajj on the disease dynamics. The proposed framework can also be used to evaluate
the effectiveness of the different public health interventions that can be implemented during the Hajj,
including size restriction and screening at entry points.

Keywords: infectious diseases; epidemics; mass gatherings; Hajj; simulation; modeling;
agent-based model

1. Introduction

Emerging and re-emerging infectious disease outbreaks pose a serious threat to public
health. According to the World Health Organization (WHO), more than 30 new infectious
diseases have emerged in the last three decades [1,2] with the recent acute respiratory
disease (COVID-19) [3] caused by a novel coronavirus SARS-CoV-2. Infectious diseases
contribute to millions of deaths every year [4]. The risk of infectious diseases will continue
to cause major concern to public health authorities and governments worldwide. Therefore,
advanced disease surveillance is essential for early detection and preparedness for potential
disease outbreaks [5,6].

Preventive and mitigation measures, such as vaccination, isolation of infected individ-
uals, public closures, and travel restrictions [7,8], are applied at different scales to control
and slow down the disease transmission in the affected regions and populations. The
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decision of enforcing these various pharmaceutical and non-pharmaceutical interventions
depends on the severity of the epidemics and the extent of their health implications.

Due to their large scale and dynamic nature, mass gatherings (MGs) pose a significant
threat to public health [9]. These gatherings, such as sports events, religious pilgrimages,
music concerts, and other festivals, are challenging settings to estimate, control, and re-
spond to potential disease outbreaks. The mixing of a large number of people attending
these events creates an ideal environment for the rapid transmission of infections. Further-
more, international MGs have the potential of spreading diseases across multiple regions of
the world more rapidly due to the associated travel patterns. Participants and attendees in
MGs arrive from various locations, have diverse demographics, and might be exposed to
different diseases. The social mixing of such heterogeneous crowds in these events facilities
the spread of various pathogens and diseases.

Several public health measures and recommendations can be applied to detect and
monitor disease outbreaks during MGs [10]. In times of pandemics, postponing or canceling
these gatherings are recommended [11,12]. However, the planning process for most of these
events, especially the international gatherings, cost the host countries billions of dollars.
Therefore, canceling or postponing these major events may cause massive economic losses.
Moreover, religious pilgrimages must be held on specific dates and sites, and they cannot be
subject to changes in their timing or location. Consequently, these events can be held with a
limited number of attendees or a restriction to participants attending from specific regions.
Furthermore, screening at entry points and vaccination requirements are recommended for
known diseases. In addition to all these alternative preventative measures, it is significant
to find effective ways to predict the effectiveness of the proposed prevention measures
before implementing them.

Advance infectious disease surveillance at local, regional, and global levels provides
needed data to detect natural or deliberate infection threats for better epidemic response
planning. Epidemic models and disease spread simulations can play an effective role in
studying and predicting disease outbreaks in several settings. These models can be used
for an efficient assessment of the control and prevention measures before the emergence
of a disease outbreak or during ongoing epidemics. Epidemic modeling and computer
simulations of the transmission of infectious diseases are increasingly used to estimate the
risk, size, and duration of potential epidemics to develop appropriate response planning.
These models assist the What-if analysis to determine the impact of the different disease
parameters and support the decision-making process in evaluating the different control
measures and applied strategies to contain the disease spread.

Epidemic modeling and simulation have a long successful history in studying and
estimating the spread of different diseases in different settings and populations, such
as influenza [13], measles [14], zika [15,16], and SARS [17]. Recently, mathematical and
individual-based epidemic models have been the subject of extensive research due to the
ongoing COVID-19 pandemic. Several epidemic models were explored to simulate the
spread of the COVID-19 disease [18], estimate the size of the ongoing COVID-19 outbreak
locally and globally [19], and to assess the effectiveness of the applied preventative mea-
sures in different settings [20,21]. Furthermore, novel mathematical models were presented
to model the novel coronavirus [22–24]. However, in the context of the global mass gather-
ings, there is very limited research in the field of developing epidemic models to assess
the risk of epidemics and the impact of these gatherings on global health. The available
research about epidemic modeling and simulation at global MGs either discusses the main
aspects and challenges in this research area [25,26] or presents epidemic models targeting
small-scale international gatherings [27], local events [28], or virtual gatherings [29].

The application of epidemic modeling and simulation in mass gatherings to study
the spread of diseases at these unique settings, and to assess the risk of global epidemics
poses several challenges [25,26]. Effective epidemic models are best to be constructed
based on real data. However, collecting the required data to develop an epidemic model
is a challenging phase for any setting, and it is even more challenging to identify and
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gather data requirements in the context of global MGs. A variety of data, including
epidemiological, population, contact, and mobility data, needs to be identified and obtained
from available sources.

Required data about the population expected to attend a mass gathering include
size, demographics, disease history, contact patterns, and behaviors of the participants
and attendees at the event. It is infeasible to collect these data before the start of the MG.
However, previous occurrences of the same MG or similar gatherings can be used to provide
estimates of these data about future participants. Furthermore, different aspects about the
MG itself, such as timing, setting, schedule of activities, restrictions, and associated travel
patterns, need to be incorporated for better epidemic modeling and simulation.

While there is massive and ongoing research in the field of forecasting disease epi-
demics in different settings, only a few studies have focused on studying and modeling
epidemics in the context of mass gatherings in general and in global gatherings in particular.
Thus, this research contributes to addressing the limitations in this significant research
area. This paper is part of ongoing research to develop an agent-based simulation epidemic
forecasting framework that can be used to assess the risk of epidemics during the global
religious gathering of Hajj in Saudi Arabia. The contributions of this study are explained
as follows:

• A data-driven framework was proposed for assessing disease spread at the annual
global religious gathering of Hajj using epidemic modeling and agent-based simulation.

• In the proposed framework, the pre-event and post-event stages of Hajj were included.
To the best of our knowledge, existing works have not considered simulating the
disease spread during the period before a pre-planned MG, the MG itself, and after
the event (MG) is concluded.

• Simulation of disease spread at the different phases and rituals of Hajj integrating the
spatial and temporal features of each phase.

The remainder of the paper is organized as follows. In the following section, we
present a background of global mass gatherings and infectious diseases, with a focus on
the religious event of Hajj. Then, Section 3 presents the proposed framework for epidemics
forecasting in Hajj using disease spread modeling and agent-based simulation. Section 4
presents results of the epidemic simulations in the different stages of Hajj obtained using
initial implementation of the proposed framework. Finally, Section 5 concludes the paper.

2. Background
2.1. Global Mass Gatherings and Disease Epidemics

The World Health Organization defines mass gathering as “any occasion, either
organized or spontaneous, that attracts sufficient numbers of people to strain the planning
and response resources of the community, city or nation hosting the event” [10]. Mass
gatherings can be local, regional, or global, and can last for a few hours, several days, or
months. Table 1 lists the main features of selected global pre-planned mass gatherings.
Disease epidemics at global Mass gatherings are uncommon, but have been reported
in several events throughout the past years. Figure 1 maps some of the major reported
epidemics in different global gatherings.

Table 1. List of various types of global mass gatherings.

Event Type Location Frequency Duration Size (in Millions)

World Expo Fair Multiple locations Every 5 Years 6 months up to 73
Summer/Winter Olympics Sports Multiple locations Every 2 Years 16 days up to 10

FIFA World Cup Sports Multiple locations Every 4 Years 32 days 1.5–3.5
World Youth Day Religious Multiple locations Every 3 Years 6 days 0.5–2

Hajj Religious Mecca, Saudi Arabia Annual 5–8 days 2–3
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Figure 1. Some of the major reported disease outbreaks in different global gatherings.

2.2. Religious Global Gathering of Hajj

Hajj is the Muslim pilgrimage to Makkah in Saudi Arabia, Makkah is the official
spelling approved by the Saudi government for the holy city of Mecca. Hajj is a pillar
of Islam religion, and attendance is required for all Muslims once in a lifetime. Around
two to three million pilgrims are expected to arrive in the Hajj each year prior to the 8th
and stay up to the 13th day of the 12th month of the Islamic Lunar calendar (Dhul-Hijjah).
The Islamic calendar varies with respect to the Gregorian calendar shifting about 11 days
earlier each year. International pilgrims come from about 186 different countries around
the world. While domestic pilgrims from inside Saudi Arabia arrived at Mecca on the
actual dates of the Hajj rituals, the international pilgrims may arrive one month before the
starting date of Hajj and stay one month after the completion of Hajj.

Several rituals make up the Hajj, such as Tawaf and Sa’ay, staying at holy cities of
Mina, Arafat, and Muzdalifah. Completing Tawaf and Sa’ay is one of the rituals that
pilgrims perform multiple times during Hajj. Tawaf involves walking seven times around
the kaaba (a 627 square feet building located in the grand mosque in Mecca), followed by
Sa’ay which is completed by walking seven times between the hills of Safa and Marwah,
located also in the grand mosque near the Kaaba. On the 8th of Dhu al-Hijjah, the pilgrims
head to Mina (second ritual) where accommodation arrangements are made to stay there
while completing the rest of Hajj rituals. On the next day, pilgrims arrive at Arafat, which
is 12 miles east of Mecca. Before sunset, all pilgrims must leave Arafat for Muzdalifah (an
area between Arafat and Mina) where they spend the whole night. The next three days
(10th, 11th, and 12th), pilgrims will go back and forth from Mina to Jamarat to complete
the stoning ritual, throw seven stones at walls that represent the devil. The final step is to
perform the farewell Tawaf around the kaaba in the grand mosque in Mecca. The pre stage,
the actual rituals, and the post stage of Hajj are illustrated in Figure 2.

Figure 2. The main rituals and phases of the global event of Hajj.

2.3. Public Health Response during Hajj Seasons

Saudi Arabia prepares for the potential health hazards before, during and post each
Hajj season. A risk assessment is done every year with identification of the health require-
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ments for pilgrims. The guidelines for pilgrims vaccination, emergency plans, and infection
control are updated every year. Health care facilities are prepared for the pilgrims, this
includes 16 hospitals and 34 health care centers in Mecca and Madina. Furthermore, health
care providers and clinicians are available close to the pilgrims at the point of entries as
well as during Hajj movement to Mina and Araffat to ensure that the public health activities
are taking place. During Hajj, curative and preventive measures are considered for pil-
grims. On arrival to Saudi Arabia, each pilgrim vaccination card is checked and a medical
screening is performed to check any sign of infectious diseases. The healthcare services
in the entry point will provide the vaccination if needed and isolate any positive sign of
infection. For curative purposes, Saudi Arabia provides more than 5000 beds and 500 ICU
beds available for pilgrims. After the Hajj period is done, the briefing of what happened
during the current Hajj season is discussed among the ministry of health and other Hajj
stakeholders to improve the Hajj in the next year. However, Saudi Arabia overcame many
pandemic challenges.

In 2009, the H1N1 influenza pandemic was declared [30]. The World Health Orga-
nization stated that H1N1 influenza had been confirmed in more than 100 countries and
there are at least 2185 confirmed deaths. Saudi Arabia authorities continued to host the
Hajj pilgrimage during the H1N1 pandemic. The number of pilgrims decreased in 2009
compared to previous years reaching 2.3 million due to the timing of Hajj 2009 in the month
of November, in the middle of influenza H1N1 pandemic. However, a low prevalence of
pandemic influenza A (H1N1) was reported during the Hajj season. This is due to the
preparation procedures made by Saudi Arabia authorities, such as the vaccination program
for all healthcare workers and other people participating in the Hajj of 2009. Furthermore,
thermal screening was implemented to detect febrile passengers at the points of entry. A
24-h ENT specialist was available to handle any possible positive H1N1 cases.

Another viral respiratory illness, MERS-CoV (Middle East Respiratory Syndrome
Coronavirus) emerged in 2012, raising more concerns during Hajj as the first cases of
MERS-CoV were reported in Saudi Arabia a few months before Hajj 2012 [31]. While the
initial cases of the virus did not affect the number of pilgrims in 2012, the size of Hajj 2013
decreased by 37% due to concerns about MERS-CoV transmission with the highest number
of cases reported in Saudi Arabia. The Saudi Ministry of Health issued recommendations
to pilgrims at high risk, including pregnant women, children (under 12), elderly (above 65),
and those with chronic and acute diseases [32].

The most recently emerging highly contiguous disease COVID-19 caused by the novel
coronavirus (SARS-CoV-2) presents an ongoing global health threat affecting more than
178 million people across the world by the mid of June 2021. Saudi Arabia Hajj authorities
were aware of the risks associated with the Hajj pilgrimage during the COVID-19 pandemic.
Therefore, they used Jeddah Tool [33,34], a risk assessment tool, to estimate the risk of
COVID-19 by modeling the expected burden considering the previous Hajj data and other
factors such as attack rate, Hajj quota per country, and WHO’s global disease severity index.
The result of the analysis showed that healthcare facilities would not be sufficient to treat
all expected COVID-19 cases and other patients during Hajj. Thus, the Saudi government
restricted the Hajj in 2020 to a limited number of domestic pilgrims to ensure the well-being
and safety of pilgrims and local residents of Mecca.

Table 2 summarizes the most recent epidemics of novel viruses and the dates of the
immediate affected Hajj season. The table also includes the basic epidemiology of the listed
epidemics: the basic reproduction number (R0) and incubation and infectious periods.
R0 represents the average number of secondary cases caused by an infected individual.
The incubation period of an infectious disease is the time interval from infection or the
exposure to an infectious agent to the onset of the clinical symptoms of the disease. The
period between the initial exposure and infectiousness is called the latent period. During
the infectious period, the infected individual can transmit the disease to other susceptible
individuals.
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Table 2. Major disease outbreaks of novel viruses and the affected Hajj seasons.

Pandemic H1N1 MERS-CoV COVID-19
Identification April 2009 September 2012 December 2019
Hajj Season 2009 2012 2020
Hajj Dates 25–30 November 23–28 October 28 July–2 August
Vaccine Approval September 2009 No vaccine December 2020
Estimated Value of R0 1.4–1.6 [35] 0.8–1.3 [36] 2.4–3.58 [37,38]
Incubation Period 2.7 days [39,40] 5.2–6.0 [41] 2–14 days [38,42]
Infectious Period 3.8 days [40] 7.6 days [41] 3–6 days [42,43]
Confirmed Cases 482,000 132 24,854,140

By November 2009 By September 2013 By August 2020
Deaths 6000 58 838,924

By November 2009 By September 2013 By August 2020

3. Epidemic Forecasting Framework

As stated previously, the Saudi government responded to the rapid spread of the
COVID-19 pandemic by restricting the immediate affected Hajj season of 2020 to a limited
number of domestic pilgrims. This decision was taken according to the current situation
worldwide and based on the results of the Jeddah tool. The development and deployment
of the Jeddah tool is a significant step towards incorporating data-driven approaches in
risk assessment and decision-making in Hajj. Jeddah tool provides an efficient method
to identifying and prioritizing potential hazards based on historical data and critical risk
criteria like vulnerability assessment, capacity assessment, reputational risk, and health
risk estimation.

However, this tool is not capable of assessing risks and forecast infectious diseases in
future events. The static nature of the Jeddah tool prevents decision-makers from testing
various interventions and evaluating the recommended preparedness plans in advance.
The framework proposed in this study allows for the incorporating of synthetic data,
which may improve the risk assessment process in the future Hajj seasons. The dynamic
computer simulation feature included in this framework would allow the testing of various
policies. Thus, the framework would aid in assessing the effectiveness of Hajj Season
preparedness and prevention plans prior to the starting dates of the Hajj season. We believe
that the Jeddah tool and framework complement each other in empowering the decision-
making process in utilizing advanced data-driven approaches for better risk assessment
and preparedness.

The proposed epidemic simulation framework as shown in Figure 3, consists of a
Data Sources layer, Underlying Models layer, Epidemic Simulation layer, and an Output
layer. The data requirements to develop the epidemic simulation were collected in the
Data layer from various official sources, such as the Saudi General Authority for Statistics
(GASTAT), Saudi General Authority of Civil Aviation (GACA), and the Ministry of Hajj
and Umrah. In the Model layer, the population module is used to generate the international
and domestic pilgrims based on demographic and travel data. The related data about the
different stages and rituals of Hajj are stored in the Event module. The underlying epidemic
model is defined in this layer. Different disease spread scenarios will be executed in the
Epidemic Simulation layer according to changes in the model parameters and assumptions.
Simulation results will be summarized and accessed in the Output layer.

The agent-based simulation epidemic forecasting framework integrates these layers
using a user interface layer which provides potential users access to the simulation results
and allows them to set up and update the model parameters and simulation settings. Via
this layer, the computational models to simulate the disease transmission in Hajj will be
accessible to decision-makers providing a tool for epidemic response.
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Figure 3. The proposed framework for epidemic forecasting in Hajj seasons.

3.1. Underlying Models

Several modules are developed to generate and store the data about the participating
population, the mass gathering settings, and the epidemic model. The data in the Un-
derlying Models layer will be used in the simulation layer. In the population model, the
data collected about domestic and international pilgrims and the travel data will be used
to create the participants’ database storing all features about the pilgrims. In the global
event of Hajj, there are different groups of individuals, including residents of the two
holy cities of Mecca and Madinah, official workers who organize the Hajj, and domestic
and international pilgrims. Depending on the available data about these sub-populations,
the Population model will generate the individuals. The Population model maintains a
generic individual class that can be extended to generate sub-classes of the different types
of individuals composing the whole population of Hajj.

Figure 4 shows the classification of the different groups in the Hajj population, where
the international pilgrims are assigned to six different establishments based on their country
of origin. For example, all pilgrims from South Asia belong to the first establishment. This
classification of international pilgrims is used to organize accommodation arrangements in
campuses in the holy site of Mina. Furthermore, the flow of pilgrims while completing the
different rituals of Hajj will be guided based on this classification.

In the Event model, the data related to the different stages of the global event of Hajj
are generated. Unlike most global MGs, the travel patterns associated with the pre- and
post-stages of the Hajj are monitored and documented. These data are used in the Event
model to generate the arrival and departure stages of international pilgrims. As shown
previously in Figure 2, these stages are composed of entry points and staying in Mecca and
Madinah phases.

The sequence of Hajj rituals is also generated in the Event model using the data
collected about previous Hajj seasons and the main features of each rite, such as the
location where this ritual is completed, the maximum capacity, and the average duration to
complete the ritual.

Figure 4. The classification of the sub-populations participate and interact during Hajj seasons.
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3.2. Disease Dynamics

The most prominent compartmental SEIR epidemic model is used to model the dis-
ease dynamics in the population of pilgrims, where each individual in the population
can have one of the disease-related states: Susceptible (S), Exposed (E), Infectious (I), and
Recovered/Removed (R). In the susceptible state, an individual is assumed to be healthy
but can acquire the disease once being exposed to an infection. In the second compartment
(Exposed), a susceptible person is infected but not infectious yet. Individuals remain in this
state throughout the latent period of the disease. Then, an exposed individual becomes
infectious and transmits the disease to other susceptible individuals in the population.
Infected individuals either recover at the end of the infectious period or die from the compli-
cation of the disease. Figure 5 illustrates the transition from one state to another in the basic
SEIR model. The length of the latent and infectious periods and the possibility of gaining
post-infection immunity are disease-dependent parameters. The disease parameters are
assigned in the Epidemic Simulation layer via the Model Parameters module.

Figure 5. States (compartments) of the basic SEIR model, Susceptible (S), Exposed (E), Infectious (I),
and Removed (R), corresponding to the disease development stages over time.

Based on the disease epidemiology and the implemented measures during a disease
spread, additional compartments and states can be integrated into the basic SEIR model,
such as Infectious Asymptomatic, Infectious Symptomatic, Immunized, Quarantined or
Isolated, and Died. While in the proposed framework, we used the basic SEIR epidemic
model, extensions of the model can be included in the layer of the Underlying Models.
Figure 6 illustrates an extended epidemic model that includes more states where a newly
infected individual (exposed) can be either symptomatic or asymptomatic. In the figure,
the preventative measure of isolating infected individuals is shown by assuming that the
infected individuals in the symptomatic state can be either quarantined or not quarantined.
The selection of the epidemic model that will be implemented in the simulation layer can
be made either by the end-users or based on the available data.

Figure 6. Extended SEIR epidemic model including additional states of Infectious Asymptomatic,
Infectious Symptomatic, Quarantine, and Non-Quarantine.

3.3. Agent-Based Simulation

Agent-based modeling (ABM) can simulate human behaviors in real-world complex
systems in different settings [44], such as emergency evacuation [45], crowd dynamics [46],
and disease outbreak modeling [47–50]. In ABM, the population is represented as a group
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of autonomous entities [44]. Each entity or agent can represent an individual or a subgroup
in a population with specific features. The interactions and contact patterns among the
individual agents, and between agents and their environment, are modeled following
specific behavioral rules. The decisions and actions of agents determine the model’s
outcome. Agents in these models can be heterogeneous with different features and change
their behaviors according to the surrounding environment. In the context of epidemic
modeling and forecasting, agent-based models provide a better understanding of the
disease transmission process at an individual level.

In the developed agent-based simulation, each pilgrim in the generated population
of pilgrims is represented as an agent and maintains several features, such as age, gender,
health status, arrival date, and departure date. These features are grouped into four
categories as shown in Figure 7, for instance, the fields related to Hajj include pilgrim type
(international or domestic) and dates to complete specific rituals. These assigned fields for
each agent either remain constant throughout the entire simulation or changed according to
the simulation behavior. For instance, the disease state and related timers will be updated
based on the disease spread simulation.

The contact patterns define the social mixing between individuals or agents in an
environment. In mass gatherings, several elements influence the social mixing between the
participants in these events. These factors include the type of the gathering, the capacity
and settings where attendees gather, and the characteristics of the expected population
attending the event. The interactions between the pilgrims during a stage or a ritual of
the Hajj will be defined according to the constraints of that specific stage. For example, in
the pre-Hajj phase, the social mixing and interactions between pilgrims are assumed to
be within groups arriving on the same flights as they will be at the same locations while
completing the arrival procedures at the entry points.

Based on the nature of the population and rituals of the Hajj, we defined a set of
mixing and behavioral rules:

• Agents who arrive on the same flight will complete all rituals as a group.
• Agents will mix randomly with a higher rate towards agents belong to the same group

and a lower rate across other groups.
• Agents interactions will be restricted to agents from the same gender at their tents at

the campus in Mina.
• At Mina campus, agents will remain in their accommodations (tents) throughout the

night time.
• Agents will follow an hourly schedule per establishment on the first day of the

Jamarat ritual.

While the contact patterns between individuals in a specific setting contribute to the
disease progression, the number of contacts per individual can determine how fast the
disease will spread in the population. A contact estimation function [51] that estimates
the number of contacts based on the population density and the maximum capacity of the
location for each stage of the Hajj is contained in the Epidemic Simulation layer. Population
densities and interactions differ in each simulation of the same ritual due to whether all
pilgrims complete it at the same time or there is a wider window of time to complete this
ritual. Without time constraints or restrictions, lower rates of pilgrims are expected with
more diverse crowd combined from all establishments or countries.

The settings of the simulation, such as the duration of each simulation, the time step,
and the order of the simulations, will be determined by the Simulation settings function. By
default, these two functions will be activated to provide inputs for the epidemic simulation
unless the user assigns values for some of the input parameters. The simulation of the
interactions and the disease spreads at an individual level for such mass gathering as the
Hajj is expensive in terms of computational capabilities. Pilgrims or agents in a specific
stage can be aggregated in another stage either by country, gender, or other demographic
features. Thus, aggregated agents will form sub-population agents in stages where contacts
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between individual agents between sub-population are unlikely to occur. Figure 8 shows
an example of international pilgrims aggregation.

Figure 7. The main features assigned to each pilgrim in the agent-based simulation model.

Figure 8. Hierarchy of agents representing international pilgrims. The top-level aggregate represents
one of the six establishments where international pilgrims are grouped based on country of origin.
The next level consists in country aggregates. Agents on the lowest level are aggregated based on
arriving in the same flight.

4. Results and Discussion

An initial implementation of the proposed framework for epidemic forecasting during
Hajj seasons was developed using Python Programming Language (Python 3.6). The
prototype was built using a simulated synthetic population of pilgrims based on historical
data of previous Hajj seasons before 2015 to predict the spread of H1N1 influenza among
international pilgrims [52]. In the simulations executed using the agent-based model,
we restricted the Hajj population to almost one million international pilgrims, with 0.2%
initially infected pilgrims. The obtained results, summarized in Table 3, provide insights
into the effectiveness of the different components of the framework in tracking the disease
transmission among pilgrims throughout the sequence of the Hajj rituals, including the
arrival and departure stages.

The duration of mixing at the entry points (Jeddah and Madinah international airports)
in the arrival and departure stages lasts for a few hours. Thus, there will be no changes
in the infectious status or timer of the initially infected pilgrims. The only transition
that can be seen after executing the epidemic simulation at both entry points is in the
number of newly infected pilgrims and the number of individuals in the exposed status.
By the end of the departure phase of Hajj, the agent-based epidemic simulation predicted
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almost 22% of the arriving international pilgrims acquired the disease, with 6% of the
returning pilgrims were either in the exposed or infectious state. By tracking infections in
international pilgrims departing back to their home countries, the model can estimate the
potential risk of disease outbreaks among returning pilgrims and their contacts to identify
the likelihood of disease spread at regional and global levels.

Table 3. Summary of the results of disease spread simulations in the whole population of international pilgrims at the end
of the main stages of Hajj: the arrival stage, the actual Hajj rituals, and the departure stage.

Stage Duration Susceptible Exposed Infectious Recovered

Arrival 35 days
Jeddah airport 500,476 (99.7%) 373 (0.1%) 851 (0.2%) 0

Madinah airport 409,675 (99.7%) 310 (0.1%) 705 (0.2%) 0
Pre-Hajj 35 days

Madinah 407,539 (99%) 418 (0.1%) 1107 (0.3%) 1625 (0.4%)
Mecca 888,633(97.4%) 3805 (0.42%) 4470 (0.48%) 15,482 (1.7%)

Hajj rituals 6 days 831,485 (91%) 18,579 (2%) 25,475 (3%) 36,851 (4%)
Post-Hajj 30 days

Mecca 395,435 (78.5%) 7540 (1.5%) 19,097 (4%) 79,628 (16%)
Madinah 313,203 (76%) 6316 (1.5%) 15,947 (4%) 75,224 (18%)

Departure 30 days
Jeddah airport 392,535 (78%) 10,440 (2%) 19,097 (4%) 79,628 (16%)

Madinah airport 310,781 (76%) 8738 (2%) 15,947 (4%) 75,224 (18%)

The prototype presented previously in [52] shared the main architecture with the epi-
demic forecasting framework proposed in this study. However, components and modules
in the middle-end layer in the initial prototype were modified and combined for better
design and implementation. For instance, the travel model in the first implementation was
included in the event model in the current framework as the arrival and departure stages
are part of the whole event of Hajj. In addition, a user interface layer included in the current
version of the framework allows users to set up, execute various simulations, and retrieve
and download the obtained results. The FastAPI Python web framework and ReactJS [53]
will be used to integrate the underlying system and create the user interface layer. When
fully implemented, this system will improve public health responses by providing critical
information for planning and responding to actions during the Hajj gathering.

Although many epidemic forecasting models have been proposed in different settings,
especially with the emergence of the recent coronavirus, this study provides increased
enhancements for epidemic forecasting during global mass gatherings in general and
specifically in the Hajj season. For public health authorities, the proposed simulation
provides insights to improve the quality of care, provide medical services to the holy sites
of Hajj across the different stages, and plan the needed number of clinicians and equip-
ment depending on the expected severity of risk and duration predicted by the proposed
framework. Thus, overcoming the lack of trained medical expertise for potential epidemics
and decreases morbidity and mortality to achieve a successful Hajj season. Economically,
the proposed system will allow decision-makers to find alternative strategies to avoid
canceling, postponing, or restricting the mass gathering. The proposed framework can be
used to explore the effectiveness of pharmaceutical and non-pharmaceutical interventions
to ensure the safety of the attendees while avoiding massive costs for canceling these
events. Finally, the suggested framework includes (i) several discrete-event simulations
that simulate all the stages of Hajj starting from arrival, actual Hajj rituals, and departure;
(ii) an intelligent multi-agent system that allows the aggregation of agents at multiple
levels based on the simulated stage; and (iii) user interface layer allowing users to execute
simulations and retrieve results.
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5. Conclusions

Computational epidemic modeling and simulation provide public health authorities
with advanced and powerful tools to control and prevent disease epidemics in different
settings. Mass gatherings are ideal settings for the rapid spread of infectious diseases.
Therefore, epidemic forecasting before pre-planned gatherings can contribute to better
emergency preparedness and response during these events. In this paper, we proposed
an agent-based simulation framework to assess the risk of disease outbreaks in the global
religious gathering of Hajj.

The proposed framework in this work allows researchers to conceptualize epidemic
forecasting in the context of mass gatherings and recognize the big picture, which will
help bridge the gap between epidemic molders, health researchers, and the policy-makers
and organizers of the pre-planned events. The background about mass gatherings and
infectious diseases, the detailed description of the Muslim pilgrimage of Hajj, and the rep-
resentation of the conceptual framework, presented in this study, could provide researchers
with insights into the simulation of epidemics at mass gatherings of different scales.

This study deepens the knowledge of forecasting disease epidemics in mass gatherings
and global gatherings context. It helps policy-makers identifying potential epidemic spread
risks and develop high-leverage policies that protect the health and safety of attendees
and participants in these gatherings. However, the general application of the proposed
framework may be limited as the characteristics of mass gatherings vary across sites. In the
future, other data-driven simulation and modeling approaches, such as system dynamics,
could be used to compare results and insights. Moreover, once being fully implemented,
this agent-based simulation framework can be integrated with existing planning tools for
the religious gathering of Hajj.
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