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1 OVERVIEW

This proposal is submitted for the 2025 Transportation Technology Tournament in response to the issue of pedestrian
safety during fan marches at the 2026 World Cup in Philadelphia, Pennsylvania. The solution presented in this document
leverages a variety of Intelligent Transportation Systems (ITS) technology. ITS is a form of technology that uses a
combination of information and communications technologies to improve traffic safety and transportation management
[1]. Some examples include dynamic traffic signal control, vehicle-to-infrastructure communication systems, and
Bluetooth detection, among others. ITS technologies can also use big data, artificial intelligence (Al) engines, and digital
twins to enhance transportation and traffic safety management.

2 PROBLEM STATEMENT

2.1 PROBLEM DESCRIPTION

Philadelphia, Pennsylvania is one of the host cities for the 2026 World Cup with Lincoln Financial Field as a host site. The
Lincoln Financial Field is located over 3 miles from the Centre City and is expected to welcome 60 000 visitors per match,
with many more fans gathering throughout the city to take part in the many soccer related festivities. In addition to the
matches, fans will travel around the city to areas like hotel zones, bars, fan fests, and restaurants. Fan marches are a
major element of soccer culture, where groups of fans walk together to the matches and are expected to occur while
Philadelphia hosts the World Cup. Although many marches will be organized and planned in advance, marches can also
be impromptu, involving unpredictable movements or movements along undesignated routes. Marches contribute to a
festive atmosphere however, this unpredictability and the large crowd volume poses challenges regarding pedestrian
safety in vehicle dominated corridors. This presents a complex transportation challenge as the City of Philadelphia will
need to ensure the safe and efficient everyday movement of fans around the city and during marches without major
disruption to city traffic over the course of the 39 day tournament.

At large-scale events, many crowd management strategies involve crowd monitoring and incident reporting. However,
risk factor monitoring and predicting can also provide significant value, as this information can lead to an early response
so that risks would not transpire into incidents in the first place. Indicators of growing risk such as pedestrian-vehicle
near miss interactions [2], overcrowding [3], pedestrian spillage onto roadways, and crowd surges and bottlenecks [4]
provide crucial information for where pedestrian infrastructure and/or traffic control may be insufficient. Therefore, this
project proposes a system that detects early risk signs in a single, dynamic system during organized and spontaneous fan
marches. This system allows for proactive intervention based on predicted and real-time conditions. ITS technology such
as sensor-based detection, video analytics, Al models, and geographic information systems (GIS) will be used to create
this adaptive system that continuously collects and analyzes warning sign data to aid in efficient traffic management
operations throughout the multi-day World Cup.

2.2 STUDY AREA

The matches will take place at Lincoln Financial field, which serves as a focal point for this project. Marches of people will
head towards the stadium thus, designated march routes will be implemented, and they may be any of the streets within
the green box marked in Figure 1. Designated march routes may include two key corridors: 7th Street and Broad Street
starting at Vine Street Expressway (I-676). Given this context, traffic management strategies that are adaptive and
targeted are crucial to maintaining safety and mobility for both fans and vehicles during the tournament. The field
borders the Delaware Expressway (I-95), one of the highest volume roadways in the city [5]. As well, South 11th Street
and Pattison Avenue serve as important connector roads to I-95. Thus, the presence of these roadways require special
consideration to ensure fan and vehicle safety.

Page 3 of 19



In addition, pedestrian movement to nearby pubs, restaurants, public gathering places, and hotel zones are relevant to
this project as safety during impromptu marches is being considered. Franklin D Roosevelt Park, Marconi Plaza, and the
XFinitiy Live! Philadelphia entertainment complex are nearby public places and thus are likely fan gathering places. These
areas are places where unplanned marches may initiate, especially as fans move in and out of venues. A significant
number of fans are expected to use public transit networks throughout the tournament, for transportation and as
congregation points. Thus, the SEPTA Metro Network, and in particular the Broad Street Line with NRG Station near the
stadium [6], is expected to experience increased usage, as a critical component of the City’s overall mobility strategy
during the World Cup [7]. Bus routes 4, 17, and 37 will also likely see increased usage as accessible and convenient ways
to get to Lincoln Financial Field [8].

The City of Philadelphia has ITS and safety infrastructure implemented around the city and in the vicinity of Lincoln
Financial Field. Lincoln Financial Field is equipped with video surveillance [6]. Additionally, the city has pedestrian refuge
islands at many major intersections [9]. In the past, the City of Philadelphia has used LiDAR technology for planning
purposes [10].

Figure 1: Lincoln Financial Field and surrounding areas in Philadelphia, Pennsylvania. Any streets within the green box
and the streets marked in red are potential designated march routes. Lincoln Financial Field is marked with a star.

2.3 STUDY AREA CHALLENGES

The study area poses a few challenges relevant to the solution. Major roadways in the study area are crucial for both

pedestrian and vehicle mobility in Philadelphia. For example, Broad Street and I-95 are major roads with high traffic

volumes thus, any safety measures impacting these areas should aim to minimize causing further congestion. Given that

the tournament will last 39 days, it is not feasible to shut down the city’s core for the marches. Furthermore, Broad

Street has some of the highest foot traffic in Philadelphia [11] and may be used by pedestrians during the World Cup,

even outside of organized march closures. However, this street is a part of Philadelphia’s High Impact Network, a network
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where 80% of the City’s traffic related deaths and injuries occur [12], thus special safety consideration is a must along
this street. That being said, the Broad Street Safety Improvement project is important to note as safety enhancements
are expected in this area [13].

2.4 ADDITIONAL PROBLEM STATEMENT DATA

Successful crowd management depends largely on spotting potential hazards early enough to respond swiftly and
effectively. Failure to anticipate risks early on can lead to slower and less cohesive reaction time from operations and
emergency response teams. This can raise the chances of dangerous crowding, congestion, and accidents like trampling
[14]. Research into crowd behavior reveals that at very high densities, pedestrian movement can quickly shift from
smooth flow to unpredictable stop-and-go waves and even chaotic “turbulent” motion, where people are pushed
involuntarily in different directions—dramatically increasing injury risks [15]. By tracking crowd pressure, which combines
how dense and how fast people are moving, safety teams can get early warnings and act before situations become
critical. Without such predictive tools, emergency responses are often reactive, leading to delays that worsen crowd
stress and danger [14]. This shows how essential ongoing monitoring, predictive insights, trained personnel, and clear
communication are for keeping crowd densities safe and improving how quickly teams can respond at big events [14],
[15].

3 DESCRIPTION OF SOLUTION

The proposed solution consists of four key phases: (1) Detect, (2) Predict, (3) Track, and (4) Implement.

1. Detect: A multi-sensor approach, involving 3D LiDAR, CCTV footage, Bluetooth and mobile signals, RFID and Al
video analytics to capture and analyze crowd and vehicle movement data in real-time.

2. Predict: An Al system that will use historical* and real-time data in addition to secondary contextual factors to
predict high-risk zones and future conflict points. A feedback loop compares real-time conditions to forecasts, so
that the system can adaptively recalibrate risk hotspots and priority zones if necessary. For the early stages of the
tournament, a digital twin will be used to simulate and predict high-risk zones and conflict points.

3. Track: The processed data is aggregated onto a GIS dashboard that visualizes predicted risk zones, real-time
pedestrian flow, staff allocation, and incidents or accidents that have occurred, enabling continuous situational
awareness.

4. Implement: Event operations team can use insights to respond to risks through manual and automated actions.
This includes using advanced signal controllers, digital message signs, and portable changeable message signs. It
can also be used when forming emergency response team strategies. Furthermore, user-friendly versions of
these insights will be made available to the general public integrated through Google maps or through a
dedicated app. These platforms will display real-time insights as well as any manual alerts sent in the case of an
emergency.

*Historical data in this context refers to data from previous marches. For example, during the third match, ‘historical
data’ will be data from match 1 and 2.

3.1 ITS APPLICATIONS AND STRATEGY
3.1.1 Detect

The first step is to detect early warning signs of unsafe zones to proactively solve traffic safety issues. Detection of these
signs will support real-time interventions and also feed into a predictive Al engine. This data, known as the primary early
warning signs, will be combined with external factors, or secondary early warning signs, that can also impact
pedestrian-vehicle behaviours that can in turn, impact traffic safety outcomes. The secondary warning signs provide
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additional environmental context that will help train the Al system for more accurate predictions. Finally, the system will
also keep track of city-wide actual incidents that occur during the tournament. The proposed solution uses a
combination of 3D LiDAR, CCTV footage, Bluetooth and mobile sensing, and Radio Frequency Identification (RFID). By
integrating these complementary technologies, the system guarantees redundant and reliable data in real-time, essential
for the dynamic conditions of the World Cup. See Appendix, Table A.1 for a summary of warning signs, their detection
method, and the recommended update frequency for real-time collected data.

LiDAR sensors will be strategically installed in high-risk zones to track crowd spillage, overcrowding, and near-misses. This
includes along the designated march routes, transition points between closed and active traffic zones, crowd edges and
march initiation points. To monitor impromptu march behaviour and additional fan movement through Philadelphia,
LiDAR sensors will also be placed in spaces expecting high foot traffic during the World Cup which includes public places
near the stadium, restaurants, bars, and near hotel zones, especially those near the stadium. Compact LiDAR sensors
such as the Ouster OS1 is an appropriate option. Using the Ouster BlueCity module, this sensor can classify near miss
incidents [16]. Furthermore, its size enables it to be mounted on the same poles as existing CCTV cameras, critical for
integration with existing infrastructure wherever possible and also to ensure LiDAR and CCTV field of view alighment.
Location and quantity of sensors will be finalized based on existing CCTV locations and existing infrastructure to reduce
costs. The LiDAR provides 3D data points that can indicate patterns to create a continually updated database of problem
areas throughout the 39-day tournament. As the LiDAR produces point cloud data, it is ideal for use in low light, dense,
and dynamic conditions [17].

Finally, this system proposes to layer the LiDAR and CCTV footage with Bluetooth and mobile sensing. Although less
precise than the LiDAR, this additional sensing helps fill spatial coverage gaps. These sensors will anonymously track the
presence and movement of mobile devices, allowing operators to monitor crowd formation trends, flow direction, and
dwell times. This data would be especially helpful for impromptu gatherings which may occur outside the line-of-sight
and designated march routes.

3.1.2 Predict

Following data collection, the next step is to analyze and predict pedestrian behaviors and potential unsafe
pedestrian-vehicle interactions in real-time. This will involve an Al-based model, leveraging deep learning and
reinforcement learning techniques, which will be refined using data collected over the course of the World Cup. The
primary warning signs, feedback data, and secondary external factors will be used to train the Al model so that it can
forecast high-risk zones before they become dangerous and adapt as conditions change throughout the course of the
tournament. Hotspot predictions will be triggered twice per match cycle: once before the match to prepare for the
inflow of fans from the march and once after the match. Real-time event schedules, crowd volume estimations, and
event types used by the model to predict demand allow them to implement proactive, targeted interventions for
reducing pedestrian-vehicle conflicts and enhancing overall event safety.

While Al engines work well with more data, it is important that the data is well-defined and organized to avoid confusion.
Furthermore, as this project deals with multiple intersections and geographical zones, metadata from the sensors should
be standardized. Thus, the framework found in [18] can be used to ensure all data detected from sensors will be
automatically labelled with consistent units, time stamps, and location references, and categories in a standardized
manner before being used by the Al engine.

The predictive model is trained on data accumulated over the course of the tournament meaning it is limited in the early
stages when such data is not yet available. To address this, a baseline crowd behaviour model will be created using a
digital twin. This approach is inspired by the use of the OnePlan platform during the 2024 Paris Olympic Games.
However, as OnePlan is mainly used for venue planning [19], options such as AnyLogic, PTV Viswalk, and SUMO are more
appropriate to simulate movements across complex urban environments in ways that capture pedestrian behavior and
account for various transportation modes. The digital twin will simulate model scenarios such as fan movement towards
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the stadium in organized marches to show points of overcrowding, pedestrian spillage into vehicle corridors, and
pedestrian-vehicle interactions. The following inputs will be used for digital twin simulation:

e Ticket sales (with demographic information of visitor vs local, securely collected and managed with consent and
aggregated whenever possible to maintain anonymity)

e March routes (for organized marches) and assumed march routes (for impromptu marches)

e Data* from the 2022 World Cup such as volumes, crowd behaviour, conditions that led to incidents**
(differences in geography, attendees volumes, and event schedules will be accounted for)

e Data* from past large-scale events in Philadelphia within the last 3-5 years**, such as the 2024 Philadelphia
Eagles Superbowl Parade (differences in attendee demographics, attendee volumes, and event schedule will be
accounted for)

e Daily event schedule

® Location and capacity of public transit

e Land use and zoning data

*Data could include crowd flow movements, crowd density, transit data, and secondary factors such as weather
**The purpose of this data is to understand crowd behaviours at World Cup events and also at events of similar scale in
the context of Philadelphia. Differences in the nature of the events is acknowledged.

3.1.3 Track

To visualize the insights from the detection data system and the Al models, a dynamic GIS map will be created. This map
will act as a dashboard for traffic management teams and emergency personnel. The system will continuously track:

Pedestrian flow and speed (Bluetooth and mobile sensors)

Crowd density increases (3D LiDAR)

Real-time shifts in pedestrian behaviour (3D LiDAR and CCTV footage)

Real-time risk hotspot formations (3D LiDAR, CCTV footage, Bluetooth and mobile sensors)
Traffic related accidents or incidents (after reporting and confirmation by event staff)
Other accidents or incidents (after reporting and confirmation by event staff)

These inputs will be aggregated on the centralized GIS operations dashboard, where risk zones are updated
automatically. Thus, if any fan behaviour occurs outside of planned events, the system can register risks such as
increased pedestrian volume and potential for overflow into vehicular areas. This will allow traffic managers the ability to
respond immediately. The GIS map allows visualization of risk conditions developing and fading in real time, acting as a
bridge between prediction and implementation. It ensures that safety strategies remain responsive and up-to-date by
the time a fan movement or crowd shift actually occurs.

As the system will be relying on both predicted risk hotspots and real-time data, a central analytics platform is required
to function as a dynamic decision support tool. This tool will suggest overriding the predictive allocation of resources if
needed and will be triggered by the CCTV analytics module for near misses if a severe threshold is met. This is how the
system will compare real-time inputs against forecasted risk levels and hotspots. If significant deviance occurs such that
the current resource deployment is no longer effective, the platform triggers an override alert to inform management
teams that reorganization may be needed. The override trigger has a few design considerations. First, the threshold for
override should be high enough to avoid false alarms, meaning the trigger for allocation occurs if the real-time score
varies significantly from the predicted risk. Furthermore, this deviance should be sustained for a defined, significant
timespan. Methodologies such as the one found in [20] can be referenced for detecting anomalies in real-time. Once
triggered, the analytics platform could suggest actionable recommendations, providing decision support to operators. A
log of overrides and decisions should be kept for system analysis and improvement.
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3.1.4 Implement

The aforementioned components of the system provide a clear understanding of where risks are forming and where
insufficiencies in traffic management lie. This information leads to the implementation phases of the system, to support
both traffic management and emergency personnel as well as informing pedestrians and vehicular behaviour.

The information illustrated on the GIS dashboard will act as a live decision support tool for the traffic operations team to
continually optimize and improve strategies. As the system is dynamic, implementation will need to include dynamic and
adaptable measures. This includes updating dynamic message signs including portable changeable message signs that
are implemented remotely and dynamic signal control. The Pennsylvania Department of Transportation (PennDOT) will
likely have an incident command center at the Traffic Management Center standup (TMC) and a City Emergency
Operations Center standup at the Office of Emergency Management thus the dashboard will be available at both these
locations. This will allow them to strategically position themselves and coordinate with the traffic management team in
real-time, to plan efficient access routes, especially useful in situations when time is of the essence.

To inform fans of risk zones, a simplified, user-friendly version of the dashboard will be made available to fans and
drivers, either integrated through Google maps or on a separate app. The interface would indicate danger points,
recommend alternate walking routes, and indicate any street closures or detours. This strategy completes the system’s
feedback loop as information is coordinated between traffic management and the public.

3.2 Scalability

This system of early detection is scalable and modular, making it easy to adapt to other large-scale events in Philadelphia
and in other cities around the world. The system will improve over time as the Al engine enhances itself with training and
machine learning. To improve this system, the visualization phase can expand the use of the digital twin, not just at the
early phases of the tournament but to later stages as well. This would be especially helpful in determining the optimum
intervention strategies. Another improvement is targeting the limitation that LiDAR sensors and CCTV cameras are fixed.
Employing drones would be to improve this.

4 SYSTEM ARCHITECTURE

4.1 Functional Table

Table 1: Systems Architecture Functional Table

Physical Object Functional Object Functional Object Source | Description

(layer)

Detection Pedestrian and Vehicle 3D LiDAR Sensor Monitors near misses by tracking
detection pedestrian-vehicle trajectories and

evasive movements.

Detection Crowd Spillage 3D LiDAR Sensor Monitors spillage of pedestrians onto
vehicle zones by tracking volume of
pedestrians involved in spillage and
time duration of spillage.

Detection Crowd Volume and 3D LiDAR Sensor Monitors crowd volume for bottleneck
Bottlenecks formation, abnormal crowd surges, and
overcrowding.
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Detection Pedestrian-Vehicle CCTV Camera Captures video footage synchronized to
Behaviour Monitoring LiDAR that is used to determine context
and severity of near-miss LiDAR results.
Detection Crowd Behaviour CCTV Camera Captures video footage of crowds
Monitoring synchronized to LiDAR to monitor if
spillage is due to overcrowding. Adds
context to spillage and overcrowding
data points.
Detection Pedestrian-Vehicle CCTV Camera Analytics Analyzes video footage to determine
Behaviour Analytics context and severity of near-miss LiDAR
results and if real-time intervention is
required in a certain area.
Detection Crowd Behaviour CCTV Camera Analytics Analyzes video footage to determine
Analytics context of spillage and overcrowding.
Detection Crowd Volume Bluetooth Sensor Provides additional crowd density and
movement direction monitoring,
ensuring broader detection coverage.
Detection Crowd Volume Mobile Sensor Provides additional crowd density and
movement direction monitoring,
ensuring broader detection coverage.
Detection Feedback Loop Data 3D LiDAR, RFID, CCTV Data layer that refines Al engine by

Camera, ticket sales,
Bluetooth and Mobile
sensing

comparing predicted vs real-time
conditions, helping the system optimize
resource allocation, determine if
reallocation is required, and identify
gaps in the Al engine.

Central Database

Dynamic Monitoring

Primary Warning Signs,
Feedback Data

Updates daily collecting data from the
detection layer.

Central Database

External Variables

Secondary Warning Signs

Combination of predetermined and
real-time data on external factors that
influence crowd and vehicle behaviour.

Prediction

Risk Hotspot Prediction

Al Engine

Uses the central database to predict
risk twice per event cycle (before and
after event).

Central Analytics
Platform

Dynamic Decision
Support Tool

Central Analytics Platform

Compares predicted and real-time data
to recommend adaptive EMS and
traffic control responses.

Tracking

Risk Visualization

GIS Dashboard

Multi-layered dashboard with Al
prediction layer, real-time risk hotspots
layer, crowd movement layer, event
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and emergency staff layer, and
accidents/incidents layer.
Tracking Risk Prediction Al Engine Results Layer that shows Al predicted risk
Vlisualization Layer Vlsualization hotspots.
Implementation Dynamic Risk Advanced Transportation Governed by a prediction based plan
Management Controllers with a secondary, real-time override
layer which is activated if risk threshold
is persistently met. Signal phase and
timings can be dynamically adjusted
live data streams.
Implementation Dynamic Risk Emergency Staff Positioned according to predictive
Management hotspots, and may change throughout
the day based on alerts from the
central analytics platform.
Implementation Dynamic Risk Dynamic Message Sign Displays pedestrian safety messages
Management and reroutes that can be dynamically
adjusted.
Implementation Public Awareness Google maps/User friendly Provides emergency alerts,
app recommended routes, and safety
messages to the general public

Refer to Appendix B for the Systems Architecture Diagram.

5 ANTICIPATED IMPACTS

5.1 STAKEHOLDER IMPACTS
This project impacts a variety of stakeholders including:

General Public: This category includes World Cup attendees (both visitors and local attendees), and individuals
not partaking in the World Cup but travelling between roadways that overlap with World Cup activities.

Transit Operators: The Southeastern Pennsylvania Transportation Authority (SEPTA) is the public transit network
in and around Philadelphia. The network is expected to experience increased usage as Philadelphia hosts the
World Cup.

State and Local DOTs: This includes the Pennsylvania Department of Transportation (PennDOT) and the City of
Philadelphia who are overseeing planning for the World Cup and will handle the traffic management and
operations teams.

Stadium Operator: The Philadelphia Eagles operate the stadium through leasing from the City of Philadelphia.
Emergency Response Teams: Police and emergency medical services (EMS) teams will be present at the marches
to respond to any incidents quickly.

Surrounding Businesses: Businesses such as hotels, pubs, and restaurants are expected to see a surge in
customers during the World Cup tournament.

Safety is enhanced during the World Cup with this system and impacts multiple stakeholders. Studies show that a
significant number crowd related safety issues are a result of crowd mismanagement, with many incidents being
preventable by intervening at early stages identified by real-time monitoring [3]. Thus, by focusing on proactive
measures, this system is able to respond early to activity that could transpire into a real incident, greatly mitigating the
risk of that incident actually occurring. Not only does this safety enhancement improve the World Cup experience for
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attendees but makes it easier for locals and the other individuals driving through Philadelphia to navigate the surge of
visitors over the course of the tournament as the most risky areas will be identified and thus properly dealt with and
communicated with the public. The public awareness component of this system gives vital information to visitors who
will be less familiar with the layout of the city, controlling confusion and potential conflicts between visitors and locals. It
is also beneficial to local businesses who can use the app to prepare for surges of customers by planning marketing and
store operations accordingly and for them to stay up-to-date on any alerts. Furthermore, if safety is enhanced during the
World Cup through this system, there is less chance for any delays or shutdowns happening, preventing lost revenues. A
proactive system with the ability to see where additional resources and safety measures are required also positively
impacts transit operators, who will need to navigate the challenge of busier streets and increased usage. An
improvement in safety also means less strain on emergency staff and resources.

Another benefit of this system is the visualization of risk zones, allowing for a more streamlined approach for operations
and emergency management teams. Being aware of emerging risks allows operations and emergency teams the chance
to deploy in a targeted fashion, saving time if an incident does occur. This management optimization can lead to
smoother and more efficient movement of fans, creating a more enjoyable experience for attendees overall. The
visualization and Al-based prediction saves the management team time as they can clearly spot insufficiencies in the
current system, saving the team time. The 2024 Olympic Games in Paris reported saving 80% in time by using digital twin
simulation [21]. A similar time saving benefit could be expected using this system during the 2026 World Cup due to the
predictive aspects of this system.

Following the World Cup, the City of Philadelphia will have a rich database and established network of sensors in place,
which can help state and local DOTs as well as the stadium operator with crowd management at future events.

5.2 ECONOMIC IMPACTS

The cost of this system may require notable investment considering the cost of LiDAR sensors and additional CCTV
cameras, the prediction and tracking infrastructure required, and the integration of the entire system. If we assume there
will be two designated march routes, there are approximately 140 intersections within the two routes in the area defined
by the green box highlighted in Figure 1, making full coverage detection quite expensive. However, if deployment is
focused on key zones such as high risk intersections along the designated march routes, high risk intersections around
the Center City, at the entry way leading up to the stadium, and roadways near some public gathering areas, this could
aid in making the system more cost efficient. Despite the costs, investing in a proactive risk management strategy can
provide significant economic return.

The KABCO crash unit cost amounts to approximately $160,200 [22]. In the cases of severe incidents, temporary delays
can lead to lost revenue for surrounding businesses. By identifying areas of risk early on, the possibility of these incidents
occurring is greatly mitigated. Furthermore, as described in section 2.4, the real-time visualization and predictive aspects
of the system prevent last-minute management incident escalation, which can incur significant costs. Another factor to
consider is that many emergencies are unexpected, thus present variable costs, which may be well beyond what is
budgeted for. On the other hand, investing in a strong risk management system can be planned and accounted for as well
as optimized if the opportunity to streamline exists.

The return on investment of this system is not only in optimization and mitigation of risks, but also in the long term
benefits of the City of Philadelphia. For example, Qatar invested significantly in safety and security during the 2022 World
Cup and following the World Cup, experienced a boost in tourism [23], contributing positively to the country’s GDP [24].
Thus, a good experience for visitors during the World Cup could bring more economic opportunity to Philadelphia
through increased tourism.
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5.3 LONG TERM IMPACTS

Following the World Cup, this system can be adapted to other cities around the world for similar events. Additionally,
repurposed as a day-to-day support tool for transportation planners and emergency response teams in Philadelphia.
Compact LiDARs are mobile so they may be installed around the city on a rotating basis or in undermonitored areas
around the city to identify risk indicators like pedestrian spillage and near misses, helping to identify gaps in a city’s
transportation and pedestrian safety infrastructure. Collecting this data and visualizing it, along with using the Al-engine
to predict emerging risk-zones provides a data-driven way to justify infrastructure upgrades.

5.4 CHALLENGES

There are some potential challenges with this system. Firstly, there are concerns regarding data privacy. To mitigate this,
clear privacy policies should be developed and communicated. It should also be anonymized, safely secured, and
aggregated when possible.

Another challenge is that some CCTV cameras are live-feed only and do not have recording capabilities. Therefore, while
setting up this system, each potential camera location will need to be assessed in collaboration with relevant
organizations to confirm recording capabilities. An additional challenge with the CCTV cameras, as well as LiDAR sensors,
is that there will be gaps in coverage as deployment will be targeted, focusing on designated routes and likely gathering
areas. Although the Bluetooth and mobile sensing fills these gaps, they are less precise, particularly in the case of
near-miss interactions. It can also miss demographics with cell phones such as children. Thus, additional sensors may be
needed.

Furthermore, implementing the prediction layer of this system will be a complicated process. Different categories of data
will have different impacts on risks and incidents. For example, rain events could have a strong impact on risk but
depending on the time of day, location, and intensity, this impact can vary. Therefore, weight factors should be applied to
the data to enhance this system. This will be a complex process, requiring further Al training, consideration of a range of
scenarios, and a nuanced approach to create weightings that accurately reflect the impact of factors. The system could
be enhanced by predicting behaviours and this is also a challenging process, as human behaviours are dynamic and
context-specific.

Lastly, data such as traffic volumes and crowd behaviour from 2020-2021 are not as applicable to an event in 2026, given
the COVID-19 pandemic thus, limiting the amount of past data that can be used to train the Al-engine in the predictive
layer.

6 CONCLUSION

This report proposes a system of predicting and monitoring early warning signs of conflict points during fan marches at
the 2026 World Cup in Philadelphia. A proactive crowd management system offers the potential to support more
organized, timely, and effective responses. The system outlined in this report identifies key risk indicators such as
overcrowding, pedestrian spillover, bottlenecks, and pedestrian-vehicle near-miss interactions to anticipate and mitigate
risks before they escalate into incidents. The system employs a variety of ITS technologies and is designed as a
continuous feedback loop, allowing real-time data and predictive analytics to work together for dynamic decision
making. By the end of the 39-day tournament, this system has the potential to transition to a component of
Philadelphia’s daily transportation operations and can be adapted for other cities and events.
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7 ADDITIONAL RESOURCES

See [25] for locations of existing CCTV cameras in Philadelphia. See [26] for creating a model of individual pedestrian
interactions with a crowd. This source can be used to develop criteria for pedestrian spillage detection. Example criteria
could be to combine factors such as the number of individuals outside designated pedestrian areas, the length time
spillage lasts, and if spillage is due to overcrowding. See [27] for crowd management strategies used during the 2022
World Cup in Qatar.
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APPENDIX

A. Tables

Table A.1: Summary of Database

PRIMARY WARNING SIGNS

Waming Sign

Data Source

Deseription

Recommended Update
Frequency*

Pedestrian-Vehicle Mear Miss
Incidents

3D LiDAR with CCTV video analytics

Mear miss incidents are a vital indicator that an area has the potential of experiencing an
actual accident, especially if the near miss is repeated. Thus, an area will be flagged for review|
if there is 2 single near miss there and the threshold for flagging 2 nearmiss hotspot will be 2
ar more near misses in the same general area. Sensors will detect for close pedestrian-vehicle
interaction as well as evasive movements. These are more likely to occur during impromptu
marches, at the beginning locations of organized marches, at the edges of march routes, and
pedestrian movements around the city. Al-based video analytics will analyze the associated
CCTV video for context and severity to determine if an intervention is needed. The severity|
threshold will be based on frequency, the nature of the near miss, and whether it accurs at a
high risk location. If 2 near miss is simply flagged, it will be reviewed by staff post-event to
infarm future strategy, butif it meets the severity threshaold, it will trigger 2 reaktime alert and
feed into the central analytics platform, which is discussed in detailin 3.1.3.

Real-time data layer on GIS map

Crowd Spillage into Viehicular
Areas

3D LiDAR with CCTV video analytics

Crowd spillage into vehicular areas increases the risk of pedestrian-vehicle corflicts. LiDAR]
sensors will detect pedestrian volume exceeding designated areas and spilling anto vehicle
zones. This will be more relevant in areas with less crowd and vehicle separation, likely at the
beginning of march routes, transition paints, and at transit hubs. LiDAR is the ideal sensar for|
this as it is able to track pedestrian and vehicle boundary lines and can track when spillage
oaccurs. See Table 2 shows an example for crowd spillage threshalds. CCTV video and analytics
will provide context for the spillage to ensure it was due to overcrowding or if it was due to
alternate factors such as unexpected pedestrian behaviour.

Real-time data layer on GIS map

Overcapacity of March Space
and Emerging Bottlenecks

3D LiDAR and Bluetooth/mobile sensing**

Overcrowding in spaces can lead to trampling, spillage into vehicular areas, bottlenecks, and
can impede emergency resporses [28]. Marches are expected to be quite crowded thus, LiDAR]
sensors on designated march routes will mainly detect for bottlenecks and abnomnal surges
during arganized marches. Overcrowding in areas owtside of designated march routes and
outside organized march times will also be detected through mobile sensing, ensuring broad
spatial coverage. See Appendix A2 forcriteria of overcrowding.

Real-time data layer on GIS map

SECONDARY VARIABLES

« temperatures > 27°C/80°F are considered cautionary by experts [29]

=temperature that causes behavioural shift

= people more likely to congregate indoors or seek shade and gain lower tolerance to walking
« mild/narmal temperatures

= weather not expected to be a major contributor to primary waming sign results

Waming Signs Data Sourte Impact on prmary data results Recommend ed Update Frequency
Weather events can impact pedestrian and driver behaviours so the predictive layer must
account forthis influence. The mainweather conditions would be:
* rin events
= decrease in pedestrian driver visibility Houry for minor deviances from
Weather Conditiors Weather ARI = slower movements prediction, immediately for major

unexpected weather events ar
major deviances

Event timings for pre-planned events give context to crowd surges. Delays, rescheduling, or|

If any deviations from planned

information

crowds form and move during marches and around the city.

Event Timings Event Management System overdapping events are also important to account foras they can cause shifts in pedestrian and timings o cour
vehiclke behaviour and expected valumes. &

Time of Day External Time AP| Different times of day impact pedestrian and vehicle volume peaks. N/A

Land Use City Operation and event management Ary reduction or change of space allocated to marches and pedestrians can impact howl If 2ny changes occur

Bluetooth/mahile sensing** and transit

Wolumes

march. Itcan also help predict possible conflict points for impromptu marches.

Transit Station Volume scans Highervolume at transit stations could indicate a possible crowd surge. Hourdy
City-Wide Histaric Traffic Historic .trafﬂc .va lumes will be use.d for prediction. Traffic volumes can predict things.. s.u‘?h i
Fram PennDOT (2022-2025) congestion which slows foot traffic and can cause crowd surges where people are joining a|N/A

City-Wide Real-time Traffic
‘Volumes

Traffic Flow APl [TomTom Traffic Index ar
Waze)

Real-time traffic volumes will be used in the real-time GIS dashboard layer to keep the system
adaptive and dynamic.

Real-time on GIS map

FEEDBACK LOOP DATA

Data

Data Source

Description

Recommended Update Frequency

Mismatch between predicted
and reaktime hotspots

Combination of all data sources

If the realtime data produces hotspots that differ from the Al model prediction, this can be
used to further train and refine the Al engine. Furthermore, if significantly different, this new
data may override the corresponding prediction data, allowing the GIS map to update and
recommend reallocation of resources based on reaktime tracking.

Real-time data layer on GIS map

Eventand Emergency Staff
MOvVermnents

RFID

This data provides infarmation on staff location, staff response time, and can provide feedback]
on resource allocation through analysis. This data provides the Al engine with patterns to
recagnize and reorganize staff deployment if necessany.

Real-time data layer on GIS map

Accidents or Incidents

3D LiDAR, CCTV video analytics, reporting
by event staff and/or witnesses

Accidents or incidents resulting in injury or response team deployment will be recorded by
event staff. This data may validate ¥ warning sign data accurately predicted the incident
location. It also can help identify a high risk area.

Real-time data layer on GIS map
when incident/accident is repoted
by staff and entered into system

Event Attendees

Ticket sales, 3D LiDAR

Volume of event attendees will help estimate the predicted crowd and can train the Al-based
moadel. The ticket sales provide an estimation while 3D LiDAR results provide real-time
monitoring to get an accurate representation of crowd size.

Real-time data layer on GIS map
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*Predicted hotspots at the beginning of the day will be based on predictions made given the previous day’s data. And for
the first day/match, using the baseline situation. However, there is a possibility of real-time results mismatching with the
predicted results. Thus, data will be updated at certain points throughout the day to show real-time emerging risks.

**Anonymity is a concern for cellular monitoring. However, this system is measuring crowd surges and general
movement patterns thus aggregated datasets will be used which maintain anonymity.

Table A.2: Overcrowding Criteria according to [30]

Density (persons/m?) | Pedestrian Behaviour and Risk GIS Label

<1 Pedestrians have freedom to Free movement
choose walking speed and
path; minimal interference

1to2 Moderate interaction; Comfortable
comfortable movement with crowding
occasional adjustments

2to4 Movement slows; limited Dense Crowd
ability to bypass others;
increased physical contact

>4 Movement severely restricted; | Overcrowding
high risk of spillover and (critical density)
pedestrian conflicts; dangerous

conditions
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3D LiDAR, CCTV footage, Bluetooth and
mobile monitoring, ticket sales, and incident

reporting inputs

B. Systems Architecture Diagram
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