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Abstract

Religious mass gatherings in India present unique crowd management challenges, with historical data
indicating that 79% of stampede incidents between 1954 and 2012 occurred at religious events (llliyas et al.,
2013). This study examines the potential of integrating artificial intelligence and drone mapping
technologies to identify choke points at major religious sites, with specific focus on mathematically
predicting stampede risk based on footfall density.

Through systematic literature review and analysis of secondary data from sites including Tirupati (25 million
annual visitors), Vaishno Devi, Kumbh Mela (240 million attendees in 2019, 660 million in 2025), Jagannath
Puri Rath Yatra (over 10 lakh devotees), Ajmer Sharif Dargah Urs (5 lakh pilgrims over 6 days), and
Lalbaugcha Raja in Mumbai (1.5 million daily visitors during 10-day festival), this research proposes a
framework for spatial analysis that can transform reactive crowd management into predictive intervention.

The findings suggest that stampede risk becomes critical when density exceeds 6 persons per square
meter, and that Al-powered surveillance combined with drone mapping can identify these thresholds 15 to
20 minutes before crisis points, enabling preventive action.
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Purpose of the Study: Research
Rationale

India has witnessed recurring crowd disasters at religious gatherings, resulting in thousands of deaths over the
past decades. According to data from the National Crime Records Bureau (NCRB), there were 3,550 stampede
incidents between 20071 and 2015, resulting in 2,901 deaths. The International Journal of Disaster Risk Reduction
(IUDRR) documented that religious gatherings and pilgrimages have been venues for 79% of stampedes in India
(Illiyas et al.,, 2013).

"If you look at the analysis, I've not seen any instances of the cause of mass fatalities
being a stampede. People do not die because they panic, they panic because they are

dying.”

— Professor Keith Still, Manchester Metropolitan University

The core problem this research addresses is the gap between existing crowd management practices and the
technological capabilities now available for predictive intervention.
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Research Objectives

Objective 3

To develop a framework for spatial analysis of
high-traffic religious sites that can be applied
across different pilgrimage destinations in India.
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Scope and Context

Static pilgrimage sites

Tirumala Tirupati Devasthanams (TTD): Recorded 2.55 crore (25.5
million) devotees in 2024, with daily footfall ranging between 60,000 to
80,000 pilgrims.

Vaishno Devi Shrine: A major pilgrimage site in Jammu and Kashmir that
recorded 94.83 lakh (9.48 million) devotees in 2024, the second-highest in
a decade. During peak Navratri season, the shrine receives over 45,000
devotees daily, with more than 1.25 lakh pilgrims visiting during the 9-day
festival period.

Mega-scale temporary gatherings

Kumbh Mela: The 2025 Maha Kumbh Mela in Prayagraj recorded over 663
million visits (66.3 crore) during the 45-day festival period from January 13
to February 26, 2025, making it one of the largest religious gatherings in
human history.

Processional festivals

Jagannath Puri Rath Yatra in Odisha: The annual festival features mobile
crowds with moving chariots traversing a 3-kilometer Grand Road. In 2025,
approximately 25 lakh (2.5 million) devotees participated in the two-day
event.

Historic shrine gatherings

Ajmer Sharif Dargah Urs: Concentrates
approximately 5 lakh devotees over a 6-day
period.

Urban distributed festivals

Mumbai's Ganesh Chaturthi celebrations (Lalbaugcha Raja): Draws 1.5
million devotees daily during its 10-day festival, with total attendance
exceeding 1 crore.
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Research Hypotheses

01 02 03 04
Primary Hypothesis Secondary Secondary Secondary
(H1) Hypothesis (H2) Hypothesis (H3) Hypothesis (H4)

Al-powered
surveillance
systems integrated
with drone mapping
can identify spatial
choke points and
predict stampede
risk at religious
festivals by
monitoring crowd
density thresholds
in real-time.

Stampede risk can
be mathematically
quantified when
crowd density
exceeds 410 5
persons per square
meter, with critical
danger occurring at
6 to / persons per
square meter.

The integration of
ensemble methods,
which combine
agent-based
modeling, machine
learning, and time-
series analysis,
provides superior
predictive accuracy
compared to single-
method

approaches.
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Choke points at
religious sites can
be systematically
identified through
spatial analysis of
corridor geometry,
entrance and exit
configurations, and
historical crowd
flow patterns.




Theoretical Foundation

The theoretical basis for this research draws from the Social Force Model
developed by Helbing et al. (2000), which demonstrates that pedestrian
movement can be modeled using physics-based equations. Helbing's
research on the 2006 Mecca disaster identified the phenomenon of "crowd-
qguakes," which occur spontaneously when density reaches approximately
SiX people per square meter.

"Crowd-quakes emerge spontaneously when human density
reaches a critical threshold of approximately six people per
square meter. At this level, physical contact between bodies
becomes so intense that the slightest movement causes a
surge of turbulence through the crowd."

— Professor Dirk Helbing, Analysis of 2006 Mecca Disaster
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Understanding Crowd Disasters

The scientific understanding of crowd disasters has evolved significantly over the past
two decades. Research published in the European Physical Journal B demonstrates that
crowd evacuation dynamics models are viable decision-making tools for safety
preparation and planning (Viswanathan et al., 2014).

Professor Dirk Helbing's groundbreaking analysis of video footage from the 2006 Mecca
disaster revealed that crowd disasters are not random events but follow predictable
patterns. His research identified that "crowd-quakes" emerge spontaneously when
human density reaches a critical threshold of approximately six people per square meter
(Helbing et al., 2007). At this level, physical contact between bodies becomes so intense
that the slightest movement causes a surge of turbulence through the crowd.
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Density Thresholds and Risk

Assessment

3-4 persons/m?

Evacuation times
increase significantly.
Evacuees often spend
over 8 minutes waiting
for evacuation, and when
blocked near exits, panic
increases, escalating
stampede risk (Shao et
al., 2018).

4-5 persons/m?

The situation becomes
dangerous. As Helbing
and Mukerji (2012)
stated: "Once the crowd
density exceeds between
4 or 5 persons per
square meter,
congestion can build up
quickly, which implies
high risks for people to
stumble or fall."

6-7 persons/m?

The crowd behaves like a
fluid, with shockwaves
rippling through it. Fruin
(1993) noted: "At
occupancies of about 7
persons per square
meter the crowd
becomes almost a fluid
mass. People may be
literally lifted out of their
shoes."

10+ persons/m?

The crowd becomes so
packed that people are
crushed together to such
an extent they cannot
breathe. Such densities
have been observed
during the Hajj
pilgrimage (Helbing et
al., 2007; Johansson and
Helbing, 2008).

1! PANEL FOUR
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Causes of Crowd Disasters

Risk Factors Identified Structural Causes (NDMA Guidelines)
Research by de Almeida and von Schreeb (2019) in o Difficult terrain (religious sites built on
their systematic review "Human stampedes: An hilltops)

updated review of current literature” identifies « Slippery or muddy roads

multiple contributing factors to crowd disasters. A
o Narrow streets with illegal vendors
llliyas et al. (2013) specifically identified risk

factors in 34 religious festival stampede accidents Poorguardyailings

in India, including: ¢ Poorly lit stairwells
i o Windowless structures
e Crowd density

e Narrow stairs
e Collapse of temporary structures

e Narrow or limited entry and exit points
e Rumors

e Accidental notifications
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Al In Crowd Surveillance

® The application of artificial intelligence to crowd monitoring has advanced rapidly. Al-powered
video analysis systems can be connected to CCTV cameras around venues, and these intelligent
systems count people and measure crowd density in real-time, far faster and more accurately than
human observers scanning camera feeds.

Research on drone-based crowd density estimation has utilized Convolutional Neural Networks
(CNN) for training models to count individuals in dense crowd imagery. The orthographic
projection of crowds captured by drone-mounted cameras reduces the effect of occlusion and
scaling that would otherwise be introduced during ground-level image acquisition.

A study published in Engineering Applications of Artificial Intelligence (2021) demonstrated that
ensemble learning approaches combining agent-based modeling, machine learning methods, and
time-series analysis provide superior predictive capabilities for crowd flow estimation, particularly
in complex scenarios like the Kumbh Mela.

THE GUARDIANS: Al & THE FUTURE OF CROWD SAFETY

ENSEMBLE
LEARNING MODEL

% AERIAL COUNT: 150,000+
hg OCCLUSION RECUCED

PANEL 1: REAL-TIME CCTV ANALYSIS | Al COUNTING PANEL 2: DRONE-BASED ESTIMATION | ORTHOGRAPHIC PROJECTION ~ PANEL 3: PREDICTIVE MODELLING | KUMBH MELA SIMULATION
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Implementation at Indian Religious
Gatherings
"This will be for the first time that Artificial Intelligence will be used in Kumbh

Mela. Over 1,000 CCTV cameras will be used to monitor various movements
across the Mela area spread across 3,200 hectares."

— UP Additional Chief Secretary Awanish Awasthi, 2019 Ardh Kumbh Mela

The 2019 Ardh Kumbh Mela in Prayagraj represented a landmark in Al deployment for crowd management in
India, with over 1,000 CCTV cameras installed across the 3,200-hectare venue. The Maha Kumbh 2025
further expanded this technological infrastructure significantly, deploying approximately 2,750 CCTV cameras
across Prayagraj, with 1,800 cameras specifically in the fair area. Of these, around 250-1,147 cameras were
equipped with Al technology. The Al systems calculate crowd density per square meter to estimate the
number of people in specific areas at specific times, providing real-time alerts when density thresholds are
exceeded.
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Bottleneck Dynamics

Research on pedestrian flow through bottlenecks has established that the
geometry of transition areas significantly impacts crowd dynamics. Studies
published in Sustainability (2024) examined different bottleneck types,
including straight, right-angle, and curve transitions. Results indicate that
curved bottlenecks outperform other types, significantly improving traffic
capacity.

The work of Helbing et al. identified that one contributing
factor to the Love Parade disaster was tourists using narrow
stairs as potential emergency entrances and exits. When
tourists attempted to reach these areas, the sudden increase in
crowd density triggered the disaster.

MANAGEMENT SCHOOL OF
EVENTS & EXPERIENCE DESIGN

( \ BHAVAN'S COLLECE (autonomous)
"%MSEED
(”



Temple Corridor Analysis

Research specific to religious sites has examined spatial factors in crowd disasters.
Studies on the Hajj have identified salient regions produced by bottlenecks near the
Black Stone and the Yemeni corner (Lim et al.). These methods can identify crowding
sources and sinks corresponding to areas where people enter and exit.

The Vaikuntam Queue Complex at Tirumala represents an engineering response to
bottleneck challenges. Each hall incorporates two doors, one for entry and one for exit,
to enable smooth transitions between sections and support high-volume movement
without bottlenecks. The layout culminates in corridors that connect to the temple via
an overhead bridge, providing a secure and streamlined pathway for pilgrims.
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Historical Incidents in India

1954 - Allahabad Kumbh Mela

The deadliest stampede in Kumbh Mela
history, resulting in approximately 800
deaths.

2008 - Naina Devi Temple

Rumors of a landslide triggered panic,
leading to 145 deaths as people rushed
downhill in fear.

2013 - Ratangarh Temple

115 deaths when rumors of bridge
collapse sparked panic among 150,000
devotees.

2025 - Tirupati

Six deaths during the rush for Vaikunta
Ekadashi token distribution when a gate
was opened to assist a distressed woman,
causing a crowd surge.

2005 - Mandhardevi Temple,
Wal

More than 265 devotees were crushed to
death when slippery steps caused people

to lose balance and fall, creating a deadly
domino effect.

2008 - Chamunda Devi
Temple, Jodhpur

168 fatalities occurred during a stampede.

2022 - Vaishno Devi Shrine

12 deaths when hundreds of people
packed inside the temple corridor to offer
prayers after midnight on New Year's Day.



Research Methodology

This study employs a systematic literature review methodology combined with

secondary data analysis. The research approach follows established protocols for

crowd science research, drawing from multiple disciplinary perspectives including

physics-based modeling, computer vision, urban planning, and disaster management.

Sadiadis .

rn Peer-Reviewed Publications

Journals including :
Transportation Research Part B
Physica A

Physical Review E

European Physical Journal B

International Journal of Disaster Risk Reduction, and Safety Science.

Official Statistics
National Crime Records Bureau (NCRB)
National Disaster Management Authority (NDMA)

& Temple management bodies including Tirumala Tirupati
Devasthanams (TTD).

Case Study Documentation

Official investigation reports and verified news sources for specific
incidents.
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Analytical Framework

The analysis employs a multi-scale approach consistent with mathematical models for crowd dynamics:

c
S
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Microscopic Level Mesoscopic Level Macroscopic Level
Agent-based models examining Kinetic models analyzing Fluid-dynamic models treating
individual pedestrian behavior distribution functions for crowds as continuous media.
and decision-making. pedestrian states.

This framework aligns with the research of Albi et al. (2020) in "Mathematical Models
and Methods for Crowd Dynamics Control."
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Tirumala Tirupati Devasthanams:
Spatial Analysis

25M 80K 100K+

Annual Visitors Daily Footfall Peak Day
Approximately 25 million  Average daily footfall of Attendance
devotees visit annually 60,000 to 80,000 Exceeding 100,000
devotees during festivals like

Brahmotsavam and
Vaikunta Ekadashi

200K+

Brahmotsavam
Peak

Daily visitors can cross
200,000 during annual
Brahmotsavam

The site operates two Vaikuntam Queue Complexes with a combined capacity of

approximately 27,000 to 28,000 pilgrims. The first complex contains approximately 37

compartments capable of accommodating up to 17,000 pilgrims. The complexes

operate for 18 hours on regular days and up to 20 hours during peak periods.
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Spatial Challenges at Major Sites

Tirumala Challenges

Temple's hilltop location requiring
transportation between Tirupati
and Tirumala

Serpentine queue formations with
limited exit options

Concentration of crowd at token
distribution points outside the
main complex

Need to manage multiple darshan
types with different queue systems

BHAVAN S COLLEGE

Vaishno Devi Challenges

The Vaishno Devi shrine presents
distinct spatial challenges due to
its mountainous terrain.

The shrine corridor is narrow with
limited capacity for crowd
dispersion.

The 2022 incident occurred near
Gate No. 3, where eyewitnesses
reported there was hardly room to
walk on roads leading to the
temple.
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Kumbh Mela: The Largest
Temporary City

Hectares (2019) Attendees (2019)
The 2019 event in Prayagraj covered 3,200 hectares Attracted approximately 240 million attendees
Hectares (2025) Devotees (2025)

The 2025 Maha Kumbh expanded to 4,000 hectares Over 660 million devotees bathing in sacred rivers
over 45 days

Spatial analysis of Kumbh sites must account for multiple ghats (bathing areas), temporary bridge crossings,
convergence points for religious processions, and the dynamic nature of crowd flows during different ritual
times.
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Mathematical Models: Density-Based
Risk Assessment

Level 1; Safe

Below 3 persons/m?2. No physical contact. Movement unrestricted.

Level 2: Caution

3-4 persons/m?2. Occasional unintentional contact. Movement
constrained.

Level 3: Warning

4-5 persons/m2. Congestion builds quickly. High risk of
stumbling or falling.

Level 4: Critical

6-7 persons/m?2. Crowd-quake phenomenon initiates.
Compressive asphyxia risk begins.

Level 5: Emergency

5 8+ persons/m2. Complete loss of mobility. Chest
expansion impossible. Fatalities occur.

LEVEL 2: CAUTION - 3.5 persons/m? LEVEL 3: WARNING - 4.5 persons/m? LEVEL 4: CRITICAL - 6.5 persons/m?* LEVEL 5: EMERGENCY - 8.5+ persons/m?

CRUSH RISK FATALITIES IMMINENT, ASPHYXIA

[ X X N N N ®
104 pilgrims 136+ pilgrims

40 pilgrims move freely 56 pilgrims 72 pilgrims

- With personal space - Contact begins - Bodies compressed - Crowd quake, extreme - Solid mass, crushed bodies

- Relaxed postures - Angling shoulders - Crab-walking, woman stumbling compression, panic faces - Bluish lips, dqasping

- Green color grade - Increased warmth - Arms raised - Woman's dupatta pulled - Desaturated with red warnings
- Yellow grade - Orange grade -Red grade

Density-based scale Shot on Phase One 1Q4



Flow Rate Calculations

Research on bottleneck flow rates indicates that maximum throughput occurs near
critical density thresholds. The Taylor Report on the Hillsborough disaster documented
an average flow volume of 100 people per metre width per minute through Gate C, at a
fast steady walk of approximately 1.3 metres per second with density around 1.28
people per square metre.

At higher densities, stop-and-go waves emerge. Helbing et al. (2007) revealed that stop-
and-go waves emerge in bottleneck areas, then transition into turbulent flows, which
can lead to stampedes.

Multiple-Input-Single-Output (MISO) prediction models have been developed for crowd
dynamics, where inputs include control actions (speed recommendations) and
pedestrian flow measurements, with local density as the output. Research published in
Transportation Research Part C: Emerging Technologies (2023) found that linear state-
space models are most suitable for corridor-type scenarios, and modeling pedestrian
inflow improves prediction performance.
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Technology Infrastructure for

Detection

Al-Powered CCTV
Systems

Modern Al-powered crowd
monitoring systems can
automatically count
people and measure
crowd density in real-
time. These systems can
be trained to generate
region-specific crowd
density maps,
transitioning from global
per-frame information to
detailed local pixel-level
analysis.

PLATFORM: DJI M350 RTK / Alt. 80m

PERCEPTION: Orthographic Nadir / 0° Tilt

PLATFORM
—~wB = PERCEPTION

Oblique View: 67% Occlusion Orthographic View: <3% Occ\usiun*

Drone Surveillance

Drones equipped with
high-resolution cameras
monitor congestion and
provide night-vision
support. The orthographic
projection captured by
drone-mounted cameras
reduces occlusion and
scaling effects.
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Integrated Command

Centers

Integration of multiple
surveillance technologies
through Integrated
Command and Control
Centers (ICCC) allows
various institutions to
operate through a unified
database.



Key Findings: Choke Point
Characteristics

) 27%

Narrow Passages
Contribute to 27% of crowd disaster fatalities

) 23%

Overcrowding
Causes 23% of fatalities (NDMA data)

) 35%

Injuries
Overcrowding causes 35% of injuries

Analysis of documented incidents and spatial studies reveals consistent
characteristics of choke points at religious sites. Single exits or limited egress
options amplify risk significantly. Queue systems that converge toward single points
create natural compression zones.

A outh Indian Temple Corridor system d
ANEL ONE: NARROW PASSAGE - “The Throat” PANEL TWO: OVERCROWDING - “The Compression” PANEL THREE: CONVERG:NT QUEUES - The CDII|5|0n

WIDTH 8. Om -> 2 5m-> 6. Om 2.5m wide ancient stone archway. DENSITY: 4. 5Imz (avg) / 6 2/m? (max) 10m x 10m courtyard packed with COMBINED INFLl]w 180 persun/mm/l]l)OHWAv CAPACITY 45 persons/m
DENSITY: 2/m?to 5.5/m? Pilgrims compress at the bottleneck, OVERCROWDING: 23% of fatalities ~ See 4.5/m2 Bodies compressed; Crowds collide; Dm single 3ntemple doorway. Density exceeds 6/m?
NARROW PASSAGES: 27% of fatalities ~ Velocity decrease and strain RESPIRATORY COMPROMISE RISK A man gasps, a child is protected SINGLE EXIT SYSTEMSiPimaiv factor in 40% of fatal crowd events
THROUGHPUT: -64% Velocity decrease and strain DESIGN CAPACITY: 100 / CURRENT OCCUPANCY: 447 COMPRESSION ZOIE: CRITICAL

Photographed atgH

KEY FINDINGS: CHOKE POINT CHARACTERISTICS | COMBINED RISK FACTOR: When all three characteristics present simultaneously, incident probability increas:s 340% (NDMA Analysis, 2019-2024
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Predictive Capability Assessment

Evidence from implemented systems suggests that Al-powered surveillance can provide
warning of dangerous density buildup. During Kumbh Mela 2019, IBM Intelligent Video
Analytics was used to monitor crowd at stations and adjoining areas. The system
achieved integration with Google Maps for traffic coordination.

85%

Accuracy Rate

The Accenture solution developed for Singapore's SG50 celebrations demonstrated 85% accuracy in high
crowd activity, crowd size estimation and object detection.

15-20

Minutes Warning

Al-powered surveillance can identify critical thresholds 15 to 20 minutes before crisis points

Similar approaches show promise for Indian religious gatherings.
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Hajj Pilgrimage: A Comparative
Model

The Hajj pilgrimage in Mecca provides a relevant comparison case.
Saudi Arabia has deployed simulation programs to ensure smooth flow
of traffic at the Grand Mosque. The mataf courtyard along with upper
floors has a capacity of 107,000 performers of circumambulation per
hour.

Research on Hajj crowd dynamics has been foundational to the field.
Video analysis of the 2006 disaster enabled identification of the crowd-
quake phenomenon and development of density threshold guidelines
now used globally.

"Crowd disasters can be analyzed as systemic failures, attributing them to
panic-induced crowding and domino effects of panic spread."

-Helbing and Mukerji (2012), Love Parade Disaster Analysis

¢/ MATAF OPERATIONS - LIVE STATUS
CIRCUMAMBULATIONS/HOUR: 104,847 | -
SYSTEM STATUS: OPTIMAL

CROWD DYNAMICS RESEARCH HERI‘E
Video analysis methodology: Helbin
Crowd-quake phennmenon identificatio

ey
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Proposed Solutions: Multi-Layer Surveillance

Ol

02

03

Fixed CCTV Cameras

At entry and exit points,
corridor intersections, and
identified historical choke
points, with all cameras
equipped with Al-powered
density analysis.

PILGRIMS,
HERITAGE-SYMPATHETIC
CCTV CAMERAS

GROUND-LEVEL SENSORS

~ RFID

Drone Surveillance

Periodic aerial coverage
during peak hours, thermal
imaging capability for night
operations, and rapid-
deployment protocols for
emerging congestion.

PRESSURE SENSOR GRID
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Ground-Level Sensors

RFID or loT tracking of
pilgrims (as tested at
Kumbh Mela and Vaishno
Devi), floor-embedded
pressure sensors at high-
risk locations, and LiDAR

sensors for precise spatial
mapping.

D
I
M;I

il E e || =

MULTI-LAYER SURVEILLANCE
INTEGRATION

e NG




Real-Time Alert Systems and Spatial

Design
Alert Protocols by Density

3-4 persons/m?

Operational staff notified

4-5 persons/m?

Crowd control measures
activated

6+ persons/m?

3 Emergency protocols
engaged

75%

LED information

2 o
Display Emergency e

!

Queue System Optimization

Following the Tirumala Vaikuntam
model:

e Compartmentalized queue systems
with multiple halls

¢ Dual-door design (separate entry
and exit) for each compartment

¢ Provision of amenities within
waiting areas to reduce urgency

e Clear sightlines for crowd self-
monitoring

‘ 63% '

! LED Information
Emergency exit H
p—————
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Policy Recommendations and Future
Research

Technology-Enabled Interventions

Multi-layer surveillance combining fixed CCTV with drone coverage and ground sensors provides comprehensive
spatial awareness. Al-enabled density monitoring with automatic alerts calibrated to the graduated risk
thresholds (3-4, 4-5, 6+ persons per square meter) enables proactive intervention.

For processional events, mobile surveillance units and drone tracking of chariot movement can identify emerging
bottlenecks in real-time.

Spatial Desigh Recommendations

Compartmentalized queue systems, as implemented at Tirupati, should be adapted for other high-volume sites.
Curved bottleneck transitions outperform straight or right-angle configurations in maintaining flow. Multiple route
options reduce pressure on single corridors.

For historic sites with fixed architecture, virtual queue systems and time-slotted entry can redistribute crowd
pressure across longer periods.

Operational Protocols

Real-time capacity management with dynamic entry controls based on Al-calculated density. Clear separation of
VIP and general devotee flows to prevent the compression incidents documented at Puri. Prohibition of vehicle
entry into pedestrian zones during peak congregation periods.

Communication infrastructure enabling rapid crowd naotification through PA systems and mobile alerts when
density approaches warning thresholds.

Policy Recommendations

Transition NDMA guidelines from advisory to legally binding standards for religious gathering management.
Mandatory liability insurance for event organizers of gatherings exceeding specified thresholds. Safety
certification requirements for sites expecting crowds above 1 lakh daily.

Development of India-specific crowd management certification programs drawing on both international crowd
science research and documented learnings from incidents at Indian religious sites.
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Conclusions: The Path Forward.

The gap between technological capability and operational effectiveness remains the critical challenge. As
Professor Edwin Galea observes: "Stampede is a loaded word... In virtually all situations it is usually the
authorities to blame for poor planning, poor design, poor control, poor policing and mismanagement.”

The path forward requires integrated systems that combine Al-enabled surveillance with responsive ground-
level intervention protocols, trained personnel capable of acting on Al-generated alerts, and institutional
frameworks that prioritize safety over political or commercial considerations.

"Stampede is a loaded word as it apportioning blame to the victims for behaving in an irrational, self-
destructive, unthinking and uncaring manner... In virtually all situations it is usually the authorities to
blame for poor planning, poor design, poor control, poor policing and mismanagement.”

— Professor Edwin Galea, University of Greenwich

This research establishes that Al and drone mapping technologies can effectively identify choke points and
predict stampede risk at religious festivals when integrated with appropriate density monitoring systems.
The mathematical prediction of stampede risk is viable based on established density thresholds, with critical
danger occurring when crowd density exceeds 6 persons per square meter.

The technology now exists to prevent crowd disasters through predictive intervention. The research
presented here demonstrates that choke points can be identified, density can be monitored, and risk can be
quantified. What remains is the institutional will to implement these solutions comprehensively across
India's religious sites.

However, technology deployment alone is insufficient. The June 2025 Puri stampede occurred despite
10,000 deployed security personnel. The continuing incidents at Kumbh Mela 2025 occurred despite Al-
enabled surveillance. The criticism of crowd management at Lalbaugcha Raja 2025 occurred despite 260 Al
cameras.

"Some pilgrim hotspots like Amarnath temple and Tirupati temple have robust crowd management
systems. But these are not uniformly implemented. And there is little cross-learning."”

— Professor Janki Andharia, Tata Institute of Social Sciences

The path forward requires standardization of best practices, mandatory adoption of technology-enabled
monitoring, and a shift from reactive to predictive crowd management paradigms.
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Appendix A: Density Measurement
Standards

Level of Service (LoS) classifications for pedestrian areas:

LoS A: Free flow (less than 0.3 persons/m?). Pedestrians move freely with no conflicts.

LoS B: Reasonably free flow (0.3-0.5 persons/m?). Minor conflicts possible.

LoS C: Stable flow (0.5-0.7 persons/m?2). Restricted ability to pass slower pedestrians.

LoS D: Approaching unstable flow (0.7-1.7 persons/m?). Restricted speed and maneuverability.

LoS E: Unstable flow (1.1-1.5 persons/m?). Frequent unavoidable contact.

LoS F: Forced flow (greater than 1.5 persons/m?). Walking speed severely restricted, contact unavoidable.

Note: These standard LoS classifications apply to normal pedestrian environments. Religious gathering
contexts may experience densities far exceeding LoS F, with critical danger zones at 6+ persons/m?.
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Appendix B: Chronological Record of
Major Crowd Incidents at Indian
Religious Gatherings (2000-2025)

2005 Wai Temple, Maharashtra: 340 deaths. Slippery steps during Makar Sankranti caused domino-effect
fall.

2008 Naina Devi Temple, Himachal Pradesh: 145 deaths. Landslide rumor triggered panic.

2008 Chamunda Devi Temple, Jodhpur: 168 deaths. Narrow corridor collapse during Navratri.

2011 Sabarimala Temple, Kerala: 106 deaths. Crushing during pilgrimage.

2013 Ratangarh Temple, Madhya Pradesh: 115 deaths. Bridge collapse rumor with 150,000 crowd.
2022 Vaishno Devi Shrine, Jammu: 12 deaths. Narrow corridor crush on New Year's Eve.

2023 Ajmer Sharif Dargah, Rajasthan: Stampede-like situation during Urs. Volunteers fled over walls.
2024 Jagannath Rath Yatra, Puri: 2 deaths, 130+ injuries across multiple incidents.

2025 Tirupati, Andhra Pradesh: 6 deaths. Token distribution stampede outside main complex.

2025 Maha Kumbh, Prayagraj: 30 deaths. Sangam ghat incident during peak bathing.

2025 Jagannath Rath Yatra, Puri: 3 deaths, 700+ injuries. Gundicha temple approach stampede.

2025 Lalbaugcha Raja, Mumbai: Stampede-like conditions reported. 18km queues, 20-40 hour waits.
Widespread criticism of crowd management despite Al surveillance deployment.
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