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( Abstract )

Context: The Arbaeen pilgrimage, recognized as one of the world’s largest annual religious mass gatherings, presents unique
operational and epidemiological complexities that require advanced surveillance and response capacities. This study aimed to
examine current applications of artificial intelligence (AI) in mass-gathering health management and to propose an integrated
Al-enabled public health framework tailored to the Arbaeen context.

Evidence Acquisition: A structured scoping review was conducted in 2026 at the Iran University of Medical Sciences, Tehran,
Iran. Relevant literature was identified through searches of PubMed, Scopus, Web of Science, and Google Scholar using
combinations of terms related to artificial intelligence, machine learning, crowd surveillance, epidemiology, emergency
preparedness, and mass gatherings. Twenty studies meeting the inclusion criteria were analyzed using thematic and function-
level synthesis.

Results: The results indicate that Al applications are primarily used for crowd surveillance, density estimation, anomaly
detection, predictive modeling, and optimizing emergency medical services. Deep learning approaches, particularly
convolutional neural networks (CNNs), graph-based models, Long Short-Term Memory (LSTM) networks, and machine learning
forecasting algorithms, are the most commonly applied techniques. Key structural gaps include fragmentation across
surveillance, prediction, and response systems; limited operational integration; and insufficient adaptation to prolonged
religious pilgrimages such as Arbaeen.

Conclusions: Based on these findings, we propose an integrated Al-enabled framework for Arbaeen to enable real-time
multimodal surveillance, predictive public health intelligence, adaptive response systems, and end-to-end operational
integration. The proposed model emphasizes continuous situational awareness, predictive risk assessment, and coordinated
emergency response to support resilient public health management during large-scale religious gatherings.

Keywords: Artificial Intelligence, Mass Gatherings, Arbaeen Pilgrimage, Public Health Surveillance, Emergency Preparedness
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1. Context extensive mobility, environmental exposures, and

increased pressure on healthcare and emergency response

Mass gatherings have long been recognized as services (1, 2). Religious pilgrimages, sporting events,

challenging environments for public health systems festivals, and other large public gatherings can facilitate
because of the combination of high population density, the rapid spread of infectious diseases, increase the
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likelihood of crowd-related injuries, and strain local health
infrastructure,
surveillance systems are limited (1, 3). These challenges
became even more evident during and after the COVID-19

particularly when preparedness and

pandemic, which highlighted the importance of rapid
surveillance, early outbreak detection, and coordinated
operational responses in large-population settings (4, 5).

Among contemporary mass gatherings, the Arbaeen
pilgrimage represents one of the largest annual human
gatherings worldwide. Millions of pilgrims travel long
distances over several days, often under conditions of
extreme crowd density, environmental heat stress,
temporary accommodation, and variable access to
healthcare services. Conventional approaches to mass-
gathering health management are often insufficient to
address rapidly changing crowd dynamics and real-time
health threats in very large gatherings (3).

In recent years, advances in artificial intelligence (AI),
machine learning (ML), digital epidemiology, and
computer vision technologies have created new
opportunities to improve public health monitoring and
operational decision-making during mass gatherings. A
growing body of literature has examined Al-based
approaches for crowd surveillance, abnormal behavior
detection, crowd density estimation (6), disease
forecasting (7), and emergency medical services (EMS)
planning (8, 9). Deep learning models, such as
convolutional  neural networks (CNNs), graph
convolutional neural networks, and recurrent neural
architectures,
performance in analyzing complex visual and temporal
data generated in crowded environments (8, 10). Several

network have  shown promising

studies conducted during the Hajj pilgrimage have
demonstrated the potential of Al-driven crowd density
estimation systems to monitor overcrowding and support
crowd safety management (11, 12). Other investigations
have examined Al-assisted surveillance methods to identify
abnormal or violent crowd behavior and improve
situational awareness in dense public settings (8, 9).

Al can help tailor public health frameworks to the
epidemiological and operational realities of Arbaeen.
Therefore, this review aimed to synthesize current
evidence on Al and ML applications relevant to mass
gatherings to better understand how existing Al
applications can contribute to mass-gathering health
management, identify major functional and operational
gaps in the literature, and propose an integrated
framework adapted to the unique characteristics of the
Arbaeen pilgrimage.

2. Evidence Acquisition

2.1. Study Design

This study was conducted in 2026 at the Iran University
of Medical Sciences as a structured scoping review to map
current applications of artificial intelligence (AI) and
machine learning (ML) in mass-gathering health
management and to identify their potential applicability
to the Arbaeen pilgrimage context.

This review followed the Joanna Briggs Institute (JBI)
guidelines for scoping reviews and was reported in
accordance with the PRISMA-ScR guidelines. Because the
review was exploratory and the included studies used
different methods, we did not conduct a formal critical
appraisal or risk-of-bias assessment, as recommended by
JBI(13,14).

Given the emerging, multidisciplinary, and
methodologically heterogeneous nature of the available
literature, a scoping review approach was considered more
appropriate than a conventional systematic review or
meta-analysis. The review was designed to identify major
technological domains, operational functions,
implementation gaps, and the public health implications
of Al-based systems in mass gatherings.

2.2.Search Strategy

A structured literature search was performed between
January and March 2026 using the following electronic
databases: PubMed, Scopus, Web of Science, and Google
Scholar. The search strategy combined controlled
vocabulary terms and free-text keywords related to
artificial intelligence, machine learning, public health
surveillance, crowd monitoring, emergency preparedness,
predictive analytics, and religious mass gatherings.
Representative search combinations included terms such
as “artificial intelligence AND mass gathering,” “machine
learning AND Hajj,” “crowd surveillance AND deep
learning,” “predictive modeling AND public health
preparedness,” and  “digital epidemiology = AND
pilgrimage.” The reference lists of relevant studies were
also manually screened to identify additional eligible
publications.

Search terms were developed in stages, starting with the
review objective and refining them after initial PubMed
searches. To maximize retrieval, we included both
controlled vocabulary (Medical Subject Headings [MeSH],
when relevant) and free-text terms. Synonyms and related
terms were identified by reviewing keywords, titles,
abstracts, and indexing terms in key articles and by
examining earlier studies on artificial intelligence, public
health surveillance, and mass gatherings. Boolean
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operators (AND/OR) were used, and the search syntax was
tailored for each database.

The complete PubMed search strategy is provided in
Appendix 1 to facilitate reproducibility of the review.

In addition to searching electronic bibliographic
databases, we conducted a limited gray literature search
using Google Scholar. We manually checked the reference
lists of relevant publications to identify studies that might
not be indexed in the main databases. Conference
abstracts, dissertations, reports, and other non-peer-
reviewed documents were screened when relevant.
However, only peer-reviewed full-text articles that met the
eligibility criteria were included in the final synthesis to
ensure methodological consistency.

The initial search identified 326 records, including 92
from Scopus, 81 from PubMed, 67 from Web of Science, and
86 from Google Scholar.

2.3. Eligibility Criteria and Study Selection

Studies were considered eligible if they reported the
application of Al, ML, deep learning, or computational
intelligence approaches in mass-gathering or population-
scale public health settings. Eligible studies included
applications in crowd surveillance, behavioral monitoring,
disease  prediction, emergency medical service
optimization, syndromic surveillance, digital
epidemiology, and healthcare operations management.
Religious gatherings, sporting events, festivals, epidemic
settings, and large-scale public events were considered
relevant operational contexts.

Studies without a substantial Al component, studies
focused exclusively on unrelated clinical applications, and
publications lacking operational or public health
relevance to mass gatherings were excluded. Only peer-
reviewed English-language publications were included.
After title and abstract screening, the full texts of
potentially relevant studies were reviewed. A total of 20
studies were ultimately included in the final synthesis
based on methodological relevance and applicability to Al-
enabled public health management in mass gatherings.

Gray literature sources were reviewed during the
search; however, only those meeting the eligibility criteria

for peer-reviewed scientific publications were included in
the formal synthesis.

2.4. Study Screening and Selection

The literature search identified 326 records in PubMed,
Scopus, Web of Science, and Google Scholar. After
removing 74 duplicates, 252 unique articles remained for
title and abstract screening.

Mass Gather Med J. 2026; 3(2): €173086

Two reviewers independently screened all records using
the predefined eligibility criteria. Disagreements were
resolved through discussion until consensus was reached.

After title and abstract screening, 46 articles were
considered potentially eligible and were reviewed in full.
Of these, 26 were excluded because they did not focus on
artificial intelligence in mass-gathering health, were not
relevant to public health management, or were
methodological reports without real-world Al application.

Ultimately, 20 studies met all criteria and were included
in the final qualitative analysis.

2.5. Data Extraction and Synthesis

Two reviewers independently extracted data using a
standardized form developed for this study. Extracted
information included the study setting and design, Al
methods, mass-gathering context, operational domain,
public health function, main findings, and relevance to the
Arbaeen pilgrimage. Any discrepancies were resolved
through discussion until agreement was reached.

The synthesis was conducted in three analytical stages.
First, a descriptive synthesis of study characteristics was
performed to summarize the overall landscape of Al
applications in mass gatherings. Second, a function-level
synthesis categorized studies by their dominant
operational role, including detection and surveillance,
predictive analytics, and response or decision support
systems. Third, a gap-oriented conceptual synthesis was
conducted to identify structural limitations in current Al
applications and to develop a proposed integrated Al-
enabled public health framework for the Arbaeen
pilgrimage.

To develop Table 1, two investigators independently
reviewed each included study to identify its primary
functional role in the Al-enabled public health process.
Studies were grouped by their main operational function:
detection and surveillance, prediction and forecasting, or
response and decision support. Using a standard data
extraction form, we also collected details on the main
problem addressed, data sources, Al methods, key outputs,
public health impact, and any reported limitations.
Disagreements regarding study classification or data
extraction were resolved through discussion until both
investigators agreed.

The findings from these analyses were summarized in
three evidence tables and subsequently integrated into a
conceptual operational framework illustrating
interactions among the surveillance, prediction, and
adaptive response layers within a continuous Al-driven
public health system.

3.Results
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Table 1. Function-Level Synthesis of Al Applications in Mass Gatherings
. Al [ Analytical . N . PR tmitat
ID Studies Core Problem Data Used Method Functional Layer Primary Output Public Health Contribution Key Limitation
. . . Supports real-time situational . dation i
Limited understanding of s il id Deep Graph Detection + Crowd cand sand d safet Limited validation in real-
1 Behera,2023(9)  complex crowd dynamics urveillancevideo ¢ pyolutional Neural Behavioral rowd movement an awareness and crowc safety world operational mass
. . datasets N ., . o behavioral patterns monitoring in high-density N
in dense environments Network (Graph CNN) Characterization . gatherings
gatherings
o ot 3 Enables early detection of Performance affected by
Delayed identification of . . . N . q B
) N Surveillance video Deep Convolutional ) Behavioral anomaly potentially dangerous crowd environmental variability,
2 Habib, 2021(8) abnormal or violent crowd Detection L L. . P
behavior streams Neural Network (CNN) alerts activities to support injury occlusion, and lighting
prevention and security response conditions
Bhui Overcr}:)v{d;l:ig a‘nd c]:o}f/d Hajj surveillance Deep CNN D . Real-time crowd density Su-pporrdsvearlli/ 1dennhca;on Ofd Dataset restricted to Hajj-
3 huiyan, 2021 (1) crush risk during Hajj video datasets eep etection maps overcrowding hotspots and crow specific crowd structures
pilgrimage safety risk reduction
Need for accurate . . Fully Convolutional . . . . Enables automated overcrowding Not integrated with
. . Hajj crowd image Detection + Density stratification . P
4 Bhuiyan, 2022(10)  automated crowd density Neural Network . N N . warning systems for pilgrimage healthcare or emergency
P datasets Classification (low/moderate/high risk)
classification (FCNN) management response systems
N N ts public safety s il Limited ext I validati
P . Identification of violent or Surveillance feeds CNN-based deep . Suspicious activity and upports pu. ‘,c 2 E,ty su.rvel ance fmited ext ?rna validation
5 Tripathi, 2021 (16) e . Detection : y and rapid identification of across diverse crowd
hazardous crowd activity from dense crowds learning violence detection . U )
hazardous crowd conditions environments
High-density crowd risk . N N Enhances risk stratification and Limited evidence for real-
. N o L " Detection + High-resolution crowd L ) .
6 Bhuiyan, 2022 (12) estimation in pilgrimage Hajj image datasets Deep Dilated CNN Classificati density estimati monitoring of extreme crowd time operational
settings assihication ensityestmaton congestion deployment
Gazzawe, 2024 ) Crov_vd (onge§l_icn am_i Traffic flow and Al optimization Monitoying + Crowd flow and Reducgs L‘Dngestionra‘s.sotia[ed r_isks Operati(_)na] scalabili_ty and
7 inefficient mobility during e . Operational . L and improves mobility safety in real-time adaptability
(20) " mobility datasets algorithms S congestion optimization o . . :
Hajj Optimization pilgrimage environments require further evaluation
. Internet search Digital epidemiology LR feas’.b‘llty CffimigA L o
Delayed outbreak detection " _ . . q based early warning systems for Limited specificity and lack
8 ‘Yom-Tov, 2014 (17) 7 . queries and social and syndromic Surveillance Early outbreak signals B . . _ N . et
in mass gatherings H o q infectious disease surveillance of direct clinical validation
media data surveillance analytics N :
during mass gatherings
v Need for forecasting ) CvOV[Djlg ) Long Short-Term » Epidemic forecasting Supports‘e!)ldemlc prel.mredness Developed o\ltsldg mass
9 Elsheikh, 2021 (7) . N epidemiological time- ~ Memory (LSTM) deep Prediction and anticipatory public health gathering operational
epidemic spread . f curves . .
series data learning planning settings
Emergency medical service S Statistical predictive A Supports healthcare resource Limited integration with
. N Historical eventand . Prediction + - . o G
10 Allgaier, 2019 (22) overload during mass EMS datasets modeling + ML Plannin EMS demand prediction allocation and preparedness real-time surveillance
gatherings approaches & planning during large events systems

1 Ragab, 2023 (19)

12 Singh, 2025 (2)

Suryanarayanan,
13
2021(4)
Guru Rao, 2025
14

(21)

15 Song, 2022 (23)

High patient influx and
healthcare data complexity
in emergency departments

Extreme healthcare
demand during mega-
religious gatherings

Monitoring large-scale
public health interventions

Fragmented public health
surveillance systems

Need for rapid disease
detection during outbreaks

Hospital emergency
department datasets

Operational
emergency healthcare
system data

Global policy and
intervention datasets

Multi-source health
information systems

Clinical and
epidemiological
datasets

Machine learning
classification models

Digital healthcare
systems and
operational
technologies

Natural Language
Processing (NLP) +

Monitoring + Clinical
Surveillance

Response +
Operational
Management

Surveillance

. . Intelligence
machine learning
Ontoloerbased
semantic Al Intelligence
framework Architecture
XGBoost machine Prediction +
learning Detection

Automated patient
classification

Emergency healthcare
coordination

Public health
intervention monitoring

Structured surveillance
interoperability

Diagnostic feature
identification

Supports syndromic monitoring and
early recognition of healthcare
surges during high-volume events

Demonstrates integration of
technology-assisted emergency care
delivery in large-scale religious
gatherings

Enables Al-assisted tracking of non-
pharmaceutical interventions and
public health responses

Proposes a layered semantic
framework for integrated
population health intelligence
systems

Supports early disease detection and
outbreak-related diagnostic
analytics

Primarily hospital-based and
not crowd-integrated

Limited Al-driven predictive
integration

Indirect relevance to
operational mass gathering
management

Conceptual framework with
limited operational
deployment evidence

Not specifically designed for
mass gathering contexts

3.1. Characteristics of Included Studies

Table 2 summarizes the characteristics of the studies
included in this review, with a focus on the application of
artificial intelligence (AI) and machine learning (ML)
approaches in mass-gathering environments and the
associated public health and operational challenges. The
included literature covers religious mass gatherings such
as Hajj and Arbaeen, large-scale sporting events, music
festivals, epidemic surveillance contexts, emergency
healthcare systems, and crowd-monitoring infrastructures.

Al-enabled approaches are used to enhance health
surveillance, crowd safety, emergency preparedness, and
operational decision-making in mass-gathering contexts.
Across these studies, a wide spectrum of computational
methods has been employed. A substantial proportion of

the literature concentrates on several interrelated thematic
domains, including crowd density estimation and flow
analysis, anomaly and abnormal behavior detection,
predictive modeling of health-related events and service
demand, optimization of emergency medical services
(EMS), and digital epidemiology and surveillance systems.

Among the contexts studied, religious mass gatherings,
particularly the Hajj pilgrimage, represent the most
extensively investigated setting for the application of Al
technologies. Research in this domain has primarily
focused on crowd safety management, congestion
mitigation, surveillance system development, and
healthcare preparedness under extreme population
densities. In addition, several studies have examined the
integration of wearable sensing technologies, mobile
health tools, and Al-assisted clinical and operational
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Table 2. Characteristics of Included Studies on Artificial Intelligence Applications in Mass Gatherings and Public Health Systems Relevant to Arbaeen

D First Author Year Setting Study Type Al ML Method Mass Gathering Health Domain Key Application Epldemmloglc‘al / (?peratmual Relevance to
Context Contribution Arbaeen
Commentary | Alin large-scale event preparedness,
. . . . . Emergency Al-supported health , N P .
1 Al Mulhim (15) 2025 Saudi Arabia preparedpess Digital Al systems FIFA World Cup preparedness security planning surveillance coordination, a_md High
analysis emergency response planning
2 Habib (8) izl Surveillance Original study Deep CNN G e Crowc.l safety Abnormal l:‘behavmr violent or abl.'mrmal crow.d activities High
systems surveillance detection recognition in dense environments
N Suryanarayanan 2021 Global Al framework study NLP + ma_‘ch“‘e .Pubhc heél[h ?urvegl]ance Policy monitoring Al-assisted m.ochrmg of fwn» Medium
(4) learning interventions intelligence pharmaceutical interventions
4 Tripathi (16) 2021 Protest crowds Original study CNN framework ngh-denflty ool Crowcl. Lty Crowd risk tagging taggingand 1dent1ﬁFaAtlon Clikyeond High
settings surveillance conditions
surveillance Crowd real-time characterization of crowd
5 Behera (9) 2023 - Original study Deep Graph CNN Crowd surveillance Crowd analytics - behavior and movement dynamics for Very High
videos characterization . -
safety monitoring
6 Bhuiyan (11) 2021 Hajj pilgrimage e CNN Pilgrimage crowd Crowd safe Gty Provides real-time density estimation Very High
¥ )i prig] 8 study 8 8 v estimation vy yHig
Fully Convolutional crowd density stratification for
7 Bhuiyan (12) 2022 Hajj pilgrimage Original study Neural Network Pilgrimage crowd Safety monitoring  Density classification con est'gn revention Very High
(FCNN) congestion preventi
q £ e 5 Tr=d Crowd Density image . . . . N
8 Bhuiyan (10) 2022  Hajj pilgrimage Original study Deep Dilated CNN Pilgrimage crowd R classification high-density crowd classification Very High
9 Elsheikh (7) 2021 Saudi Arabia Forecasting study LSTM deep learning Epldemlc InfecnoL‘\s leease COVID-19 forecasting fime-series fol'ECaStlI‘Ig for epidemic Medium
population prediction trend prediction
Observational [ Digital health Mahakumbh LB Pilgrim healthcare role of technology-supported emergency
10 Singh (2) 2025 India 5 . Thest healthcare Very High
operational report technologies pilgrimage e~ management care systems
Observational Digital syndromic surveillance and infectious
1 Yom-Tov (17) 2014  Mass gatherings . Internet data mining Festivals and Hajj . '8 . Outbreak detection disease detection using social media and High
study epidemiology .
search engine data
. . . Quantifies the impact of large festivals
12 Spaepen (18) 2023 Music festival Observational Health S data Elem—?"'c d_ance EMS systems EMS burden analysis on emergency medical services and Medium-High
study analytics music festival a
surrounding healthcare systems
Saudi Arabi, ML classificati E Synd: i - classificati d itori f
13 Ragab (19) 2023 audt .ra 1 classtiication Machine learning mergency n .r0m|F Patient classification classification and monitoring o! Medium-High
hospitals study department crowds surveillance healthcare data
Hajj I . PP AR
Al opti t Crowd fl; Traffi t ti ti f d mobility and
14 Gazzawe (20) 2024 transportation Optimization study op m.'uza on Pilgrimage mobility rowd fow T “""5“ on optimization of crowd mobility an Very High
algorithms management reduction traffic flow
systems
15 Mondal (5) 2022 Global Exploratory review Emerging digilal Panden‘ﬂc and x.'nass Public health ‘l‘echnology»enabled outbreak control and mass gathering Medium
technologies gathering settings response pandemic control risk reduction
16 EpmlT 2020 Global Systematic analysis Data analytics Popu.latlon Publlc.health Surveillance systems large-s‘ca.le pol).“'“’?“ e anceand High
(3) surveillance surveillance digital epidemiology systems
. Hajj-related . . S N
S -level )\ P: Public health Highligh SS
17 AlFattani (1) 2021 Saudi Arabia Review System-level pup i preparedness andemic ublic e.a . 8 |g. s cqordmated preparEf:lness High
health analysis context preparedness strategies and infection-control strategies
3 4 | " public health intelligence architecture
18 Guru Rao (21) 2025 Multi-domain Framework study Oricloey/iepantic el a Heéhh Semantlc.survelllance integrating heterogeneous health data High
Al systems intelligence architecture
streams
Mass gatherin, Predictive Statistical + ML Special event prediction of emergency medical
19 Allgaier (22) 2019 8 3 . P L EMS preparedness  Resource prediction demand and allocation of medical High
events modeling study models medicine
resources
P Song (23) 2022 COVIDA9 setting Machine learning XGBoost Epld.emxc Disease detection Dlagnos(.lc 1.'narker early disease ndentlﬁcanon in outbreak Medium
study surveillance prediction settings

decision-support systems to enhance real-time response
capabilities during large-scale events. These findings
suggest that Al technologies can support more proactive
and adaptive public health interventions by enabling

continuous, data-driven monitoring and predictive
analytics.

However, despite these methodological and
technological ~ advances, the literature exhibits
considerable heterogeneity in research objectives,

operational settings, data sources, and levels of system
implementation. The relevance assessment indicates that
studies focusing on crowd surveillance, density estimation,
mobility analytics, emergency response optimization,
wearable sensing systems, and pilgrimage-related Al
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applications are most applicable to the Arbaeen context.
These insights provide the conceptual and methodological
foundation for the subsequent thematic synthesis and
support the development of an integrated Al-enabled
public health framework tailored to large-scale religious
mass gatherings.

3.2. Function-Level Synthesis of Al Applications in Mass
Gatherings

The function-level synthesis of high-relevance studies
indicates that artificial intelligence (AI) applications in
mass-gathering health contexts can be conceptually
organized into three interrelated functional layers: (I)
detection and surveillance, (II) prediction and forecasting,
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Table 3. Proposed Al-Enabled Public Health Framework for Arbaeen Based on Identified Gaps in the Literature

Identified Gap in Current

Proposed Domain oo 0o

Arbaeen

Proposed Al-Enabled Solution for

Relevant Technologies and Models

Expected Public Health and
Operational Impact

Real-time
Integrated isolated functi multi-source surveillance
Surveillance Isolated functions ecosystem
Systems
gre e;}:;tlve Public 1y connected to
Intelligence operational preparedness or  transforming real-time surveillance
Linke dgto emergency response data into operational forecasts
. kil
Operations worktlows

underdeveloped, largely
simulation-based, and
insufficiently evaluated in

Adaptive Response

and Decision- systems

support Systems real mass gathering
environments
unified end-to-end Al-driven
Integrated End-to- poor interoperability and operational architecture

End Al Operational fragmented operational

Architecture structures and response layers within a
continuous adaptive feedback cycle
Al systems adapted to prolonged

Contextual lack adaptation to the pilgrimage movement, extreme

Adaptation to epidemiological, crowd density, temporary

Arbaeen environmental, and logistical healthcare infrastructures, and

Conditions realities of Arbaeen variable communication

conditions

and (III) response and decision support. However, the
current evidence base demonstrates an uneven
distribution of research activity across these layers,
suggesting that Al development in this domain remains
functionally segmented rather than
integrated.

systemically

3.2.1. Al Applications in Detection

Detection-oriented tasks, such as those in crowd
monitoring and surveillance settings, are the focus of most
studies. These applications primarily address the real-time
identification of crowd density conditions, overcrowding
risks, abnormal or violent behaviors, and spatial risk
patterns in high-density settings using deep learning
architectures. Outputs typically include crowd density
heatmaps, behavioral classification labels, or anomaly
detection alerts. From a public health systems perspective,
these Al applications are primarily optimized for signal
detection and situational awareness but do not extend to
translating these signals into coordinated public health
actions.

3.2.2. Al Applications in Predictive Analytics

Predictive and forecasting models represent the second
functional layer and include deep learning approaches
such as Long Short-Term Memory (LSTM) networks,
classical time-series models such as the AutoRegressive
Integrated Moving Average (ARIMA) model, and ensemble

adaptive real-time decision-support

integrating detection, prediction,

Deep CNN, Graph CNN, computer
vision analytics, anomaly detection
algorithms, IoT-enabled surveillance
systems, mobility analytics

LSTM networks, ARIMA forecasting
models, machine learning prediction
algorithms, spatiotemporal risk
modeling, dynamic risk stratification
systems

Al optimization algorithms, decision-
support systems, intelligent EMS

dispatch models, resource allocation
algorithms, Al-assisted triage systems

Interoperable Al platforms,
integrated health information
systems, federated data architectures,
adaptive feedback learning models,
cross-system interoperability
frameworks

Mobile health technologies,
lightweight Al models, edge
computing systems, cloud-based
scalable infrastructures, wearable-
assisted monitoring systems

Early identification of overcrowding,
hazardous crowd behavior,
environmental stressors, and emerging
health threats; enhanced real-time
situational awareness and rapid risk
detection

Early prediction of infectious disease
transmission, heat-related illness, EMS
demand surges, crowd congestion
hotspots, and high-risk temporal or
geographical zones

Improved EMS deployment efficiency,
accelerated triage prioritization,
optimized emergency resource
utilization, reduced operational delays,
and enhanced response coordination

Continuous public health intelligence
generation, coordinated risk
management, system-wide operational
efficiency, and enhanced multi-agency
collaboration

Improved feasibility, sustainability,
scalability, and real-world operational
effectiveness of Al implementation
during Arbaeen mass gatherings

machine learning methods such as XGBoost. These models
are primarily applied to forecasting infectious disease
trends, estimating emergency medical service (EMS)
demand, and predicting crowd flow dynamics and
congestion patterns. Consequently, although predictive
capability is increasingly available, its operational
translation into public health action remains limited.

3.2.3. Al Applications in Response and Decision-Support Systems

The smallest proportion of studies addresses the
response and decision-support layer. These include Al-
based frameworks for EMS resource allocation, hospital
surge capacity planning, and operational decision-support
systems in clinical or emergency management contexts.
However, these studies are largely at a simulation or
conceptual level, with limited empirical validation or real-
world deployment in mass-gathering environments.
Furthermore, weak integration between predictive outputs
and response mechanisms is common, limiting
applicability in dynamic operational settings.

3.2.4. System-Level Gap: Lack of Functional Integration

The absence of integrated Al systems that operationally
connect the three functional layers—detection, prediction,
and response—represents a structural gap across the
reviewed studies, underscoring the need for real-time
public health governance.
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3.2.5. Summary of Findings

Results indicate that Al applications in mass gatherings
are predominantly detection oriented, whereas in complex
mass-gathering contexts such as the Arbaeen pilgrimage,
real-time surveillance, forecasting, and coordinated
response must operate as a unified system (Table 1).

3.3. Proposed Al-Enabled Public Health Framework for Arbaeen

The structural gaps identified in current artificial
intelligence (Al) applications for mass-gathering health
management motivate the proposal of an integrated Al-
enabled public health framework tailored to the Arbaeen
pilgrimage. Accordingly, the proposed framework
conceptualizes Arbaeen public health management as a
continuous, Al-driven operational intelligence ecosystem
composed of interconnected surveillance, predictive, and
adaptive response layers operating within a closed-loop
architecture.

The proposed approach comprises five layers: 1) an
integrated real-time multimodal surveillance layer, 2) a
predictive public health intelligence layer, 3) an adaptive
response and operational decision-support layer, 4) a
closed-loop end-to-end Al architecture, and 5) an Arbaeen-
specific contextual layer, as presented in Table 3.

4. Conclusions

Artificial intelligence (Al) technologies are increasingly
being incorporated into  mass-gathering health
management, including crowd surveillance, behavioral
monitoring, outbreak detection, and emergency
preparedness. However, a major limitation is that many
systems remain stand-alone and task-specific, with
insufficient integration into comprehensive public health
operational frameworks.

Surveillance-oriented Al systems use deep learning and
computer vision approaches to estimate crowd density,
detect abnormal behavior, and monitor crowds in real time
(8, 12, 16). In particular, studies conducted in Hajj settings
demonstrated that convolutional neural networks (CNNs),
graph-based neural networks, and density-classification
models can effectively identify overcrowding conditions
and potentially reduce the risk of crowd crush incidents
(10, 11). Similar findings have been reported in recent
reviews of deep learning-based crowd management
systems (24). The emphasis on surveillance-oriented Al
applications may reflect the greater maturity and
accessibility of computer vision technologies compared
with more complex decision-support systems. Crowd
surveillance algorithms can be trained using publicly
available image datasets and tested in controlled settings.
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In contrast, public health response systems must function
across healthcare services, emergency management, and
public authorities. This difference may explain why Al has
advanced more rapidly in detection tasks than in
supporting operational decisions.

Similar concerns have been raised in the broader public
health Al literature, where insufficient interoperability
among surveillance systems, healthcare services, and
emergency management structures remains a major
implementation challenge (25). Another important finding
was the relatively limited operational integration of
predictive analytics (7, 22, 23). Predictive approaches were
particularly valuable in the contexts of infectious disease
preparedness and emergency medical service (EMS)
planning.

Nevertheless, most predictive models were developed
without direct incorporation into operational decision-
making systems. Predictive tools are important in public
health, but they improve health outcomes only when their
forecasts lead to action. For example, predicting disease
spread, crowding, or EMS demand is useful when it informs
resource allocation, staff assignment, or preventive
measures. This review shows that translating predictions
into action remains a major challenge for current Al
systems used at mass gatherings and should be a key focus
for future improvement.

This gap between predictive capability and operational
implementation has also been identified (25 26).

Consequently, although predictive intelligence is
increasingly available, its practical contribution to
adaptive  public  health  management remains

underdeveloped. The review further demonstrated that
only a limited number of studies addressed operational
response optimization, EMS redistribution, clinical
decision support systems, or surge capacity management
(2, 15, 22). The limited focus on operational response likely
reflects the complexity of implementing Al in real-world
emergency management systems. Surveillance algorithms
can be developed and tested using historical data, but
response-focused Al requires coordination among
multiple stakeholders, including healthcare providers,
emergency medical services, public health authorities, and
incident command  systems. Integrating these
organizations and their technologies remains challenging
in most mass-gathering settings. This may help explain why
response applications are less advanced than surveillance

technologies.

Recent literature on Al-assisted disaster triage and
emergency management suggests a need to transition
from experimental Al models to deployable operational
systems (6, 26). The proposed Al-enabled framework for
Arbaeen was therefore developed to address this structural
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limitation by integrating a closed-loop public health
intelligence architecture.
The  Arbaeen  pilgrimage complex

epidemiological and logistical conditions. Al-based digital
surveillance can improve the situation; however,

creates

important ethical and governance considerations, such as
privacy, surveillance ethics, algorithmic bias, data
ownership, and transparency (24), remain.

The findings indicate that improving artificial
intelligence for mass-gathering health requires more than
increasing the accuracy of individual algorithms. Greater
public health benefits are expected when surveillance,
prediction, and operational response are integrated into
interoperable decision-support systems that facilitate real-
time, evidence-based interventions. For Arbaeen, this
approach is especially important because the long
duration of the pilgrimage, shifting crowds, and
geographically dispersed healthcare services require
continuous coordination across multiple organizations
rather than isolated technological solutions.

4.1. Strengths and Limitations

This study has several important strengths. First, it
focused on the application of artificial intelligence to
mass-gathering public health. Second, it categorized Al
applications into surveillance, predictive, and response
domains, thereby enabling the identification of structural
gaps across existing systems. Third, it highlighted that Al
technologies may support future public health
preparedness for complex mass gatherings such as
Arbaeen. Finally, it provides direction for future
operational research and the development of Al systems in
pilgrimage health management.

The study has limitations, including
heterogeneity in methodologies, Al models, operational
settings, study objectives, and outcome measures. Another
important limitation is the relatively small number of
studies specifically addressing prolonged religious
pilgrimages. Consequently, further operational and
implementation-focused research is needed to evaluate the
feasibility, scalability, and effectiveness of Al-enabled
public  health
environments.

several

systems in real-world pilgrimage

A limited gray-literature search was also included to
improve the comprehensiveness of the review. However,
the final synthesis focused only on peer-reviewed
publications to ensure methodological consistency and
maintain scientific quality.

4.2. Conclusions

Artificial intelligence is playing an
important role in mass-gathering health management by

increasingly

supporting crowd monitoring, risk prediction, emergency
planning, and decision-making. However, most current Al
tools remain poorly integrated, often operate in isolation,
and are rarely deployed together in real-world religious
mass gatherings.

Building on these findings, this study proposes an
integrated Al-enabled public health framework designed
for the specific needs of the Arbaeen pilgrimage. The
framework focuses on real-time monitoring across
multiple data sources, predicting public health risks,
supporting adaptive decision-making, and learning from
ongoing feedback, all within a single system.

In practice, this framework could help public health
authorities, emergency medical services, pilgrimage
organizers, and policymakers improve preparedness,
allocate resources more efficiently, enhance crowd safety,
identify health threats earlier, and respond more
effectively to emergencies during the Arbaeen pilgrimage.
It may also provide a useful model for Al-supported health
management at other large religious or mass gatherings
and for evaluating the scalability of integrated Al-enabled
public health systems in real-world settings.
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