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Abstract: Urban congestion severely hampers emergency response systems, especially when ambulances
navigate complex routes to hospitals, leading to critical delays. Traditional methods like genetic algorithms and
A* search are static and fail to adapt to real-time traffic changes. This study proposes a machine learning-based
approach to dynamically optimize ambulance routes and traffic signal timings. By integrating real-time data
from 10T sensors, GPS, and vehicle-to-infrastructure (V21) communication, the system uses predictive models
to make proactive adjustments. Machine learning, reinforcement learning, and predictive analytics enhance
traffic management, reducing delays and optimizing response times. This real-time adaptive control ensures
smoother ambulance passage, minimizes congestion, and improves public safety. The proposed solution is
scalable and offers a smart, data-driven approach to revolutionize urban traffic management for emergency
services, paving the way for efficient, responsive systems in.modern urban mobility.
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Introduction: Intelligent Traffic Management System for Emergency Vehicles

The modern challenge to urban emergency response systems is the navigation of denser city streets under
increasing pressures of time: lives hang precariously in the balance. It is an important concern for both urban
planners and health care providers in the face of expanding cities and populations that characterize modern urban
growth: how to manage the complexity of emergency vehicle movement through dense traffic. This research
introduces innovative improvements based on the usage of machine learning and real-time data to optimize
routes for emergency vehicles, as well as to manage traffic signals.

The ability to respond quickly to emergencies, especially critical ones like a heart attack, stroke, or trauma is
more or less directly proportional to the effectiveness of emergency services. Urban congestion stands as the
biggest bottleneck to rapid response to emergencies. Classic traffic management infrastructures established on
static routes and simple signal preemption algorithms have been insufficient in the dynamic nature of modern
urban traffic patterns.
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Every minute counts, but the current research considers it as irreplaceable time because procrastination in
emergency response drastically decreases the rate of survival among critical patients. As there are ample traffic
management solutions that provide utmost ease to the traffic, emergency vehicles have yet to find a smooth
passage through crowded cities, more so during peak hours. The pressure on the emergency medical services
and healthcare systems is also compromised with such delays.

Some of the major deficiencies of traditional emergency vehicle traffic management methods include:

Fixed routing systems are oblivious to traffic conditions that are time-specific

Existing preemption technologies of traffic signals are based on rules that, although simple, do not
consider general conditions related to the traffic

Current systems are not integrated with sources of real-time data and modern communication
infrastructure

Manual interventions and pre-specified algorithms can hardly reflect real-time conditions in the face of
unusual events related to traffic

These are identified constraints and a better adaptive system would be in order, to be used in emergency vehicle
traffic management. The key is how a system can dynamically respond to changing traffic conditions in an
optimal way to route the emergency vehicles.

Research Objectives:

This research aims at developing a smart traffic management system by the following objectives:
Design and implementation of a dynamic traffic signal preemption system which can adapt to real time
conditions.

e Developing machine learning algorithms for optimizing routes based on live traffic patterns
e Installing loT sensors and V21 communication systems to collect data in real-time
e Minimizing reaction time and causing the least disturbance to normal traffic flow during an emergency
e Improved movement of vehicles by enhancing the overall efficiency and reducing their carbon footprint
Significance:
The proposed system provides a number of added values:
e Public Health Impact
e Rapid reduction of response times during emergencies
e Rapid access to hospitals. Improved patient care
e Increase the efficacy of the emergency healthcare service
e Urban Development
e Maximizing utilization of existing road infrastructure
e Reduced city-wide traffic congestion
e Implementation in smart city initiatives
e Environmental
e Reduced idling of vehicles in intersections
e Lower Fuel Intake and lower emissions
e Urban transport system that is environmentally friendly
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Technical Innovation

e Savvy use of Machine Learning in traffic management system

e Improved usage of real-time data

e Solutions to super diverse large cities

Research Design:

This research is an all-encompassing approach encompassing

Study of current day traffic management system and its deficiencies

Advance machine learning algorithms for better traffic prediction as well as route optimization
Integrate with 10T sensors as well as V21 communication

Real-time processing and decision system on the above mentioned data

Testing scenarios:
Simulator as well as real ones

It is a huge advancement in the management of urban traffic due to its scalability and adaptability, making it
applicable in different kinds of urban environments. The integration of cutting-edge technologies with practical
strategies about managing traffic is a serious effort at filling public safety holes and contributing further to the
general development of smart city infrastructure.

It is hoped that this study can outline how modern technology can be effectively applied in order to increase
capabilities in emergency response; thus, raising public safety to a greater level and providing for a more efficient
system in urban transportation. The findings and methodologies developed through this study will become
informative leads for future development work in systems for urban traffic management and emergency
response.

Problem Statement

The problem under consideration is the design of an smart, self-adaptive system in real-time managing
ambulance congestion. For the optimization of both route choices and timing of the traffic signals, the system
will include the real-time traffic data flows from various sources, including loT sensors, GPS, and V2I
communication. It should be able to dynamically update the timing of traffic lights in such a way that this favors
the pathway of emergency vehicles and can support ideal route suggestions given the existing congestion and
probable congestion areas. Such a system would ultimately have to lead to faster times for emergency response,
fewer delay conditions, and quick and smooth passage of ambulances without delaying the other traffic.

The difficulty is that it has to be scalable machine learning-based, that can reasonably accurately predict traffic
patterns and allow real-time adaptation, and then it should also be integrated with existing urban infrastructure
to optimize ambulance passage through traffic.
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Literature Review

1. Existing Approaches

Emergency vehicle prioritization and route optimization are critical elements in traffic management in general,
but most particularly in urban regions where the possibility of congestion can significantly delay timely
emergency response. Among the conventional methods proposed for the management of congested traffic in
ambulance traffic is the traffic signal preemption system and route optimization algorithms. Although such
approaches were found to be useful in different situations, they lack dynamic responsiveness like that of adaptive
real-time conditions.

Traffic Signal Preemption

Traditional traffic signal preemption systems grant the privileges of ambulances in that regular cycles at
intersections are overridden to allow an ambulance to pass through without further delay. The systems usually
rely on preprogrammed schedules or manual intervention, and traffic signals change when an emergency vehicle
is approaching. Some systems employ **infrared (IR) transmitters** located inside ambulances, which are
detected by traffic signal controllers to trigger preemption. Although these systems decrease the number of
people waiting at intersections, they fail to respond during accidents or severe congestion because they are not
information-rich systems.

Research Paper: "Intelligent traffic signal control for emergency vehicles" by Zhang, C., & Liu, L. (2014). The
paper emphasizes the preemption strategies carried out using fixed priority schedules and IR sensors for
emergency vehicles, discussing their limitations in dynamic traffic management.

Route Optimization Algorithms

Route optimization techniques for ambulances traditionally use Dijkstra's Algorithm or A search algorithms to
find the quickest route to a hospital. They are designed on a static road map and traffic data set on ideal conditions
without thought to real-time changes in traffic. Thus, in practice, this might cause a long delay due to congestion,
road closure or accidents not realized through traditional systems. Route optimization models are also in general
meant to be used separately and not coupled with traffic signal control systems.

Research Paper : "Ambulance routing problem: A comprehensive review and future perspectives"” by Sadeghi,
M., & Bozorgi, A. (2018). This paper reviews classic route optimization algorithms, such as Dijkstra's and A¥*,
and explores their applications and limitations in ambulance routing.

Manual or Fixed Traffic Management Solutions

In some of them, the management of ambulance traffic takes place by manual interventions. Instruction for
adjusting signal timings may be sought from traffic authorities upon having real-time reports about the occurring
traffic. Such solutions may work in those situations but cannot be scaled up with all the complexities of modern
urban traffic. Moreover, these systems are largely dependent on traffic management personnel and their response,
which may lead to delays.
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Research Paper: "Manual intervention in traffic signal control for ambulances” by Khalil, H., & Ramli, S. (2017).
The authors discuss the effectiveness of manual management systems in traffic signals, where they highlight
some delays and inefficiencies associated with manual intervention.

2. Recent Developments in 10T and Machine Learning on Traffic Management

The advanced tools of 10T and ML have developed more adaptive and intelligent traffic management systems.
These technologies allow real-time data collection, predictive modeling, and autonomous decision-making that
can greatly help in improving ambulance priorities as well as optimization of ambulance routes.

loT-Based Traffic Signals:

For example, the integration of 10T sensors and smart traffic signals has enabled responsive management systems
of traffic. 10T sensors integrated in roads, traffic lights, and vehicles provide real-time data on traffic conditions,
road occupancy, and vehicle speeds. Integration with traffic signal systems allows cities to apply adaptive traffic
signal control (ATSC). Smart traffic lights, for example, adjust their timings according to data received on traffic
congestion, hastening the movement of emergency vehicles when needed.

Research Paper: "loT-based smart traffic control system” by Singh, R., & Gupta, P. (2019). It talks about the
inclusion of 10T sensors with the traffic signal systems and how adaptive signal control can play a pivotal role
in the priority of emergency vehicles.

Vehicle-to-Infrastructure (V21) Communication

V2l communication is particularly significant to manage real-time traffic for emergency vehicles. V2I allows
the vehicles to communicate with infrastructure like traffic lights, road signs, and sensors. In-the instance of the
management of the ambulance on priority, V21 systems notify the signals that an ambulance is approaching them
in advance, hence their times can then be changed as needed. V21 communication between a vehicle and traffic
control centers can share real-time traffic data for the best route optimization and signal control.

Research Paper: "A V2l communication-based emergency vehicle preemption system" by Wang, S., & Zhang,
Y. (2020). The paper discusses V21 systems meant for emergency vehicles and how these technologies minimize
the time taken to respond with the emergency services by coordinating at traffic lights.

Machine Learning Algorithms for Route Optimization

Machine learning has lately played a part in the development of algorithms that optimize routes in real-time
using live data traffic. For example, **RL** promises strong results in developing adaptive systems for traffic
signal control and route optimization. An RL agent may learn from real conditions of traffic in the world and
adapt in order to make decisions that give priority to ambulances and avoid delays. Other ML algorithms, such
as Neural Networks , have already been applied to traffic flow prediction in order to enable such systems to
predict and prepare for congestion beforehand.

This will be done by a "reinforcement learning-based adaptive signal control for emergency vehicles" proposed
by Lee, J., & Kwon, H. (2021), where an emergency vehicle reinforcement learning approach is suggested to be
used in controlling real-time traffic signals dynamically.

Predictive Traffic Modeling
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Further,Long Short-Term Memory (LSTM) networks and_Convolutional Neural Networks (CNNs) have also
been applied for traffic prediction tasks. These models use historical data and real-time inputs to predict where
congestion or accidents might affect the ambulance routes. Then, based on the forecast for traffic conditions,
dynamic updates occur for route recommendations and signal preemption strategies.

Research Paper: "Traffic prediction using deep learning techniques: A review" by Patel, N., & Shah, M. (2022).
This paper discusses the applicability of deep learning models such as LSTM and CNN in real-time traffic
prediction and its implementation in optimized ambulance routes.

3. Challenges in Current Solutions

Despite the increased advancements in traffic management systems over the years, there are a few roadblocks
and limitations to their implementation and scalability.

Infrastructure Limitations

One of the primary challenges is the reliance on existing infrastructure, which does not go beyond one designed
a long time ago, completely unaware of more advanced technologies such as loT sensors and V2I
communication. Many cities lack the hardware or network capacity to install smart traffic management systems.
The costs of upgrading or even replacing the existing infrastructure may be prohibitively expensive, especially
in cities older than fifty years with traditionally outdated traffic management systems.

Research Paper: "Challenges in Implementation of loT-Based Traffic Control Systems” by Kumar, V., &
Sharma, R. 2020. It presents the challenges and difficulties involved with migrating legacy traffic management
systems to support loT and V21 technologies.

Cybersecurity Risks

Yet, with greater interconnection among traffic management systems and increasing dependence on real-time
information, there is potential for increased cyber risk. Hackers could disrupt traffic signals or manipulate route
optimization algorithms, effectively grinding emergency response efforts to a halt. Securing the integrity of these
systems is increasing in importance as cities deploy 10T and V21 technologies.

Literature review: "Cybersecurity problems in smart city traffic management” by Zhang, L., & Liu, W. 2021. In
this publication, the authors explore some of the cybersecurity concerns associated with using more loT-based
traffic management systems.

Accuracy and Reliability

For the case of machine learning models too, it would be pretty hard to guarantee the accuracy of data feed.
Noisy traffic data due to sensor malfunctions or inaccuracies in GPS can also lead to wrong decisions as well.
Moreover, the quality of the training data reflects in the effectiveness of the algorithms; high-quality datasets for
real-time traffic prediction are difficult to obtain in most cases.

Research Paper: "Enhanced accuracy for real-time traffic data of emergency vehicles," by Zhang, Y., & Wang,
H. (2022). This paper discusses the reliability problem of real-time traffic data collection and its consequence on
ambulance prioritization systems.
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Scaling up and Adaptability

Some of these solutions have proven promising on small scales but are difficult to apply to a greater city or to a
different type of urban environment. Moreover, every city is different in the way its traffic flows and streets are
aligned, making the perfect "one-size-fits-all" solution nearly impossible to design.

Research Paper: "Scalability challenges in urban traffic management systems" by Liu, X., & Zhang, J. (2021).
This article discusses the problems in scalability of traffic management solutions when proposed to be used by
large and complicated urban cities.

4. Gap ldentification and Addressing These Gaps

The related literature reveals that the following gaps exist within current works on ambulance prioritization and
route optimization systems:

e - The lack of real-time dynamic decision-making: Most solutions available do not take into account real-
time traffic data and fail to adapt in real-time to unforeseen traffic conditions, accidents, or road closures.

e - Integration challenges : Many systems operate as silos; hence, there is little to no effective
communication between traffic signals, emergency vehicles, and optimization tools for the routes to be
taken.

e - Scalability issues : Solutions might work very well within controlled environments but tend to break
easily in the face of larger, more complex urban areas.

Our approach addresses these gaps by proposing an adaptive congestion management system for ambulances
that integrates “machine learning algorithms”, “IoT-enabled traffic signal systems”, and “V2I communication”
in a real-time network. The proposed system, based on predictive analytics, anticipates congestion levels while
optimizing the phases for control of traffic lights and best routes for ambulances with a view to improved
response times during emergencies while reducing the delay. The proposed solution is scalable as well as
adaptable to various types of urban infrastructure.
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Literature Survey Table:

TITLE AUTHOR | JOURNAL/CON- |YEAR | METHODS KEY FINDINGS
FERENCE AND

OBJECTIVE
Real-Time Route [ Johnson Transportation 2022 Reduced
Adjustment  System | and Kumar | Science To congestion by
for Ambulances dynamically 15%,  improved

update ETA accuracy

ambulance

routes based

on real-time

congestion

Real-time

routing

algorithm
Machine  Learning- Journal of | 2022 Reduced delays at
Enabled Traffic | Perez and | Transportation ML-enabled intersections by
Signal Optimization | Lewis Engineering signal 35%
for Ambulances optimization

to  reduce

ambulance

delays

Supervised

learning

models
Smart Traffic Signal | Kimetal. | 10T Journal 2021 Improved signal
Control Using loT for Develop a responsiveness by
Emergency Vehicle smart traffic 40% in pilot tests
Clearance control

system to

clear routes

for

ambulances

loT-enabled

intersection

Sensors
Adaptive Traffic | Patel and | Applied  Artificial | 2021 Increased  travel
Light Control for | Singh Intelligence speed of
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Emergency Vehicles
Using Reinforcement
Learning

Design an
adaptive
traffic  light
control using
machine
learning

Reinforcement
learning
model

emergency
vehicles by 35%

loT-Based Traffic
Control System for
Ambulance
Clearance in Urban
Intersections

Sharma et
al.

loT in
Transportation
Conference

2021

loT-based
system for
prioritizing
ambulances
at
intersections

loT
devices,
cloud
computing

30% improvement
in emergency
clearance time

A Real-Time Traffic
Management System
for Ambulance Route
Optimization

Lee and

Zhao

Transportation
Research Part C

2020

Improve
ambulance
travel - time
via real-time
traffic
management

GPS-based
tracking and
centralized
control

Achieved 25%
faster ambulance
travel times

Optimizing  Traffic
Signal Preemption for
Emergency Vehicles

Smith et al.

IEEE Transactions
on ITS

2019

To reduce
response
time by
optimizing
traffic
signals  for
emergency
vehicles

Reduced response
time by 30% on
average
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Simulation-

based signal

preemption
A Comparative Study | Wang and | IEEE Access 2019 Genetic
on Emergency | Zhang Comparative algorithms
Vehicle Preemption study of |showed 25%
Algorithms different improvement

signal

preemption

algorithms

Comparative

analysis
Vehicle-to- Rao and | IEEE Intelligent | 2018 Significant
Infrastructure Chen Transport Systems To assess V2| | reduction in
Communication for communication | Intersection
Ambulance Priority for ambulance | delays for
at Intersections priority at | @mbulances

intersection

Simulation

of V2lI-

enabled

intersection
Improving Huang et |IEEE Transactions | 2018 Predicted traffic
Ambulance Response | al. on ITS To improve led to 20% faster
Time with Predictive ambulance response times
Traffic Signal response by
Control predicting

traffic and

adjusting

signals

Predictive

modeling

Challenges with the Existing Systems
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Though ample progress has been made in traffic management technologies, there are still challenges associated
with the effective implementation of ambulance prioritization and congestion management solutions. Some of
the major limitations of the existing systems are discussed as follows:

1. Infrastructure Limitation

Many cities possess legacy traffic management systems that are not designed to include modern technologies
such as 10T sensors, Vehicle-to-Infrastructure (\V21) communication, and adaptive traffic signal control systems.
The above requires enormous sums of money, planning, and logistical support for upgrade or replacement.
Besides, older cities also suffer from the problem of too much urban planning and road networks designed a long
time ago that do not support deployment of current traffic management technologies.

For instance:

1. Lack of Sensor Networks: No loT-enabled sensors are installed at nodes that prevent the node from
collecting real-time data, and hence it cannot adapt to dynamic variations in traffic conditions.

2. Poor connectivity: An example of a poor communication infrastructure is that of low-bandwidth networks
which goes further to retard the use of real-time traffic signal preemption and dynamic route optimization
systems.

3. Expensive: The cost of installing smart traffic lights, V21 system and other supporting technologies
proves too high generally, especially to developing countries.

Example from Literature

"Challenges in Implementing loT-Based Traffic Control Systems" by Kumar, V., & Sharma, R. (2020) lists high
cost of upgrading legacy systems and limited coverage of I0T sensors in urban areas as among the major
roadblocks to scalable deployment.

2. Cybersecurity Risks
0T and V2I-based traffic management systems are vulnerable to cyber attacks. Some of the possible threats are:
1. Signal tampering: Hackers can manipulate the traffic signals that either create hazardous conditions at a
traffic junction or delay an ambulance's response.
2. Data tampering: Incorrect data about traffic triggers algorithms to decide on route optimization
incorrectly, which could create suboptimal or even unsafe routes for ambulances.
3. Denial of service attacks: Overloading on communication infrastructure renders the system inoperable
during critical emergencies.
All these systems call for very stringent encryption protocols, permanent monitoring, and also prompt responses,
all of which add to complexity and cost. It is a great challenge for system reliability in protecting it from
cybersecurity threats in the scaling of the smart traffic solution.

Literature Example:

"Cybersecurity concerns in smart city traffic management” by Zhang, L., & Liu, W. (2021) identifies signal
tampering and data spoofing as two critical risks that destroy the reliability and safety associated with smart
traffic management systems.
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3. Accuracy and Reliability
Most of the currently available systems rely on real-time data from sensor, cameras, and GPS devices. However,
the input criteria may be prone to accuracy and reliability because:
1. Sensor failures: Faulty or misplaced sensors result in wrong information and hence shows misguided
decisions.
2. Diverse data: Depending on their quality, the varied can be incorrect. Even with algorithms that optimize
very well, this may mislead.
3. Noisy traffic data: Real life issues lead to noise as inconsistent data makes the machine learning
confusing, and thus results in an extremely bad decision.Literature-based

Example:
Zhang, Y., & Wang, H. (2022) "Improving the accuracy of real-time traffic data for emergency vehicles". This
paper works on how sensor errors and noisy data impact the performance of ambulance prioritization systems.

Gap ldentification

There is no existing system that can overcome the challenges stated above. The gaps are as follows:

1. Lack of real time adaptability

Current approaches are mainly based on static models or preprogrammed algorithms that do not change in real
time with any changes in traffic. Examples include:

Traffic signal preemption is typically initiated by proximity sensors, but it never takes into account the
downstream congestion from the intersection.

Route optimization algorithms, such as A* or Dijkstra's, do not leverage live traffic data or predictive analytics.
This leads to suboptimal routes during an unexpected congestion or road closure event.

2. Poor Interoperability

The prevailing solutions tend to be very non-interoperable, working in silos, with no loose integration between
the traffic signal control systems and vehicle communication systems as well as route optimization algorithms.
As such, there is ample lost potential in terms of shortening the response time for ambulance service.

3. Challenges Pertaining to Scalability

Many perform quite well in pilot studies but do not scale well to larger cities. The infrastructure, traffic flows,
and communication infrastructures are so diverse that one cannot have a one-time solution for all these scenarios.
4. Ignoring Cyber Security

While the smart systems become interlinked, most of the research on such systems pay scant attention to the
urgent cyber security needs. This gap opens up a little window through which processes related to emergency
response can be exploited.

How Does Our Research Help Bridge These Gaps?

To bridge this gap, we present a promising system that embodies the following breakthroughs:

1. Real-Time Decision Making: Advanced machine learning algorithms like reinforcement learning and
LSTM networks support the system with constantly updating routes as well as signal preemption
strategies in real time using live traffic data as well as predictive analytics.

2. Integrated loT and V2l Systems: This system, based on loT-enabled traffic sensors and V2I
communication, will ensure seamless coordination between ambulances, traffic lights, and central control
systems.

3. Scalability and Flexibility: The system is built to accommodate different urban infrastructures, allowing
it to be used in both small and large cities, at both low and high complexities.
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4. Advanced Cybersecurity Measures: Strong encryption protocols, secure communications channels, and
real-time mechanisms safeguard the system from potential cyber threats.
Through these gaps, our research will strive to develop an efficient, secured, and adaptable solution for managing
congestion within ambulances, thereby reducing response times and saving lives.

System Architecture and Design

System Overview

The proposed system in ambulance congestion management features the application of advanced 10T, machine
learning, and Vehicle-to-Infrastructure (V21) communication for dynamic optimality in routing and setting
precedence of emergency vehicles. Advanced predictive analytics shall support the real-time traffic challenges
presented before the system architecture, complete with seamless intercommunication between the various parts
of the system and adaptive decision-making. The ambulances would pass through cities in safety through several
subsystems that worked in concert with efficiency.

System Components

1. Traffic Signal Preemption Subsystem
It controls the manner in which the traffic signals need to be dynamically modified to allow precedence for an
ambulance: key features of this subsystem include;
e |oT-enabled traffic lights: Sensors fitted within the traffic lights sense the entry of an ambulance and
feed-back the signal timings to a central system to alter the signal cycle.
e Dynamic signal regulation: There is an amendment in the present congestion level and when the
ambulance is supposed to reach that intersection then, traffic lights will change accordingly.
e Interpretation of signals across intersections: The event of preemption of signals happens at all points on
the route to ensure a seamless flow.

2. Real-Time Congestion Monitoring

This sub-system collects data and interprets the traffic data collated from the following sources:

loT sensors: On roads measuring vehicle density as well as flow.

Traffic cameras: For image analysis of congestion.

GPS data: From ambulances and other vehicles to measure speeds and detect bottlenecks.

Machine learning models: Measures historical and real-time data to predict traffic conditions to
automatically change routes in advance.

3. Route Optimization Algorithms
The route optimization subsystem calculates the quickest and safest path for ambulances:
e Algorithm choice : Use of Machine learning Algorithms like RL for dynamic route adjustment using
predictions on traffic conditions
Multicriteria Optimization: Distance, congestion, roadblocks factors are considered.
Dynamic recalculation: The system recalculates routes in real-time depending on changing conditions.
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4. Communication Module (V21 and 10T)
This module will allow the sharing of information between components of the system:
e Vehicle-to-Infrastructure: This service allows the ambulances to communicate with traffic signals and a
central server in order to request for signal preemption
e Cloud-based aggregation: This ensures the centralized collection of data and decision-making to allow
for scalability and reliability.
e Low-latency networks: Use 5G, among other high-speed connections, that have low latency.

The data flow of the system is as follows:

1.Data Acquisition
loT sensors and traffic cameras continuously monitor real-time vehicle density, speed, and congestion. The
data from the GPS devices of ambulances, incorporating location and speed, are fed into the central server.

2. Data Processing
The central system collects and processes real-time data using predictive machine learning models.
Concludes traffic flow forecasting and hotspots of congestion.

3.Decision Making:
Aided by all the processed data, the optimized route selection algorithm reveals the best route.
The preemption of identified route traffic signals is adjusted in the traffic signal preemption subsystem.

4.Action:
V21 communication sends instructions to the traffic signals for preempting the route path of an ambulance.
e The ambulance receives the latest route guidance.

Hardware Requirements
loT Sensors:
e Location: Intersection, highways
e  Functionality: Track density, speed, and state of signal.
e  Specifications: low power, weather resistant, and real-time transmitters.
Traffic Cameras:
e Location: installation on important intersections and highways.
e Functionality: Real-time capturing of images for congestion analysis using an image recognition model.
e Requirements: High definition cameras with Al-based traffic detection capabilities.

Ambulance Equipment
GPS Device: Low latency communication-based real-time location tracking
Communication Module: V21 device with flawless connection to the central system

Software Requirements

Machine Learning Frameworks:
Predictive modeling of traffic using frameworks like TensorFlow or PyTorch.
Reinforcement learning libraries for dynamic route optimization.
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10T Platforms:
I0T platforms such as AWS loT or Azure 10T Hub for sensor data aggregation and processing.

Traffic Management System:
Centralized software for real-time signal control and route guidance.

Constraints and Challenges

1. Latency: Decisions have to be made in real time, and so network infrastructures that offer very low
latency are probably not everywhere.

2. Data Privacy: GPS and traffic data have to be anonymized to avoid individual privacy.

3. Cybersecurity: The system is vulnerable to hacking and tampering, thus requiring adequate encryption
and surveillance.

4. Infrastructure Availability: For infrastructure, the implementation is further limited by the availability of
loT sensors and V2I- enabled traffic signals.

It ensures that the elements of a system integrate well into one another, thereby resulting in a reliable and efficient
solution for managing congestion in ambulances; it is designed with scalability, adaptability, and resilience to
satisfy the various urban environments.

Methodology

The methodology encompasses details regarding data collection, design of the machine learning model, route
optimization, traffic signal preemption strategy, and system evaluation. Each part of the work has been developed
with careful attention to minimize the delay time of ambulances, along with leveraging the most recent
advancements found in 10T, ML, and optimization algorithms.

1. Data Collection

Quality and diverse datasets are required for effective machine learning and route optimizations. This system
combines real-time and historical data from multiple sources:

Real-Time Traffic Data:

This is received from loT-enabled sensors, traffic crossings cameras and traffic as well as GPS-enabled vehicles
Vehicle density, speed, and flow through different intersections

Processed on the edge by computing devices for real-time decisions.

History of Congestive Patterns:

Determined for periodic hours when congestion occurred in the day, types of congestion areas, and typical traffic
patterns

Help in training the models to predict further behavior about future traffic movements.

Ambulance GPS Location Data:
- Provides real-time position, speed, and estimates time of arrival at intersections.
- The basis for dynamic route optimization and even signal preemption
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loT Sensor Data:

- Covers data from smart traffic lights, road sensors, and air quality sensors.

- Determines fine-grained analysis for environmental as well as traffic conditions.

2. Model Design

Model Type
We would outline two major machine learning models explored-
Two major machine learning models that are used are:
Deep Reinforcement Learning (DRL):
It is used for real-time decision-making. The agent learns optimal actions, say, by choosing a route or modifying
a signal through interacting with a simulated traffic environment.
Suitable for dynamic, complex scenarios where pre-defined rules fail.

Gradient Boosting Models like XGBoost:
- Employed in traffic congestion forecasting with past and current data.
- Can well handle structured data with time-series patterns.

Training and Validation
Data Preprocessing:
Noise removal techniques can be applied to remove anomalies in traffic data.
Features - vehicle density, average speed, and signal status are normalized
End
Dataset Splitting:
- Data divided as 70% as training, 20% for validation, and 10% for testing.
- Models to generalize well on unseen data.
Cross-Validation:
- Perform K fold cross-validation to avoid overfitting chances and to obtain robust performance metrics
- Ensure accuracy on different data segments
Hyperparameter Tuning :
- Techniques such as grid search and Bayesian optimization are used to refine the best parameters that will
eventually result in optimal performance of the model.
3. Route Optimisation Algorithm

This algorithm finds the shortest route in the case of ambulances with regard to real time traffic updates. Here, |
assess many algorithms:

A* Search Algorithm:
Computes shortest path from point A to point B according to a heuristic with regard to distance and the
likelihood of congestion.
- Advantages: Highly fast and reliable for static scenarios.
- Disadvantages: For dynamic scenarios, fails in highly unsteady traffic conditions.

Genetic Algorithms:
- They generate candidate solutions iteratively and search to find the best solution.
- Advantageous: Good for multi-criteria optimisation.
- Disadvantages: Highly computationally expensive for real-time scenarios.
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Q-Learning (Reinforcement Learning):

- A value-based reinforcement learning algorithm that learns optimal routing strategies by exploring and
exploiting knowledge of future experiences.

- Advantages: Adaptive dynamically, learns with time.

- Drawbacks: Huge amounts of training data consumption and high computational resources.

4. Signal Preemption Strateqy

It adjusts the traffic signal in real-time in such a manner that the traffic signals are preempted for the ambulances
by the subsystem:

- Real-Time Adjustment

- 10T signals get input from the central system about the position and anticipated arrival time of the ambulance.
- Signals at several intersections are adjusted to provide a continuous green corridor.

Congestion-Aware Preemption:

- Machine learning algorithms predict building congestion and preempts signals accordingly.

- Confer minimum disruption to general flow of traffic and guarantee that the right of way is given to emergency
vehicles.

Signal Coordination
- Signals can communicate with each other using V21 protocols; in this way, the route of the ambulance will be
optimized over the whole network.
- Evaluates how the system is in predicting traffic congestion and moving signals correspondingly .
- It is very sensitive to accuracy so that it will make good decisions .
F1 Score:
- This is a harmonic means of precision and recall; this is essential for the assessment of the effectiveness of
predictions of congestion, particularly for high penalties both for false positive and false negative .
Recall:
- Indicates how well the system is in being cautious of ambulances since it expects signals when needed
Precision :
- Test incidence of false alarms being switched, causing minimal interference with legitimate traffic.

Reduction in Response Time:

- A key performance measure, which indicates a percentage saving in response time taken by an ambulance
compared to the actual scenario when no system exists.

- Indicates how the system truly impacts response times in reality.

The proposed system proactively takes up three major problems of ambulance congestion management. These
include the use of robust data collection methods, advanced machine learning models and real-time optimization
algorithms. Evaluation metrics ensure the appropriateness of the proposed system for dynamic urban
environments that reduce response time and boost overall traffic efficiency.
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Implementation

Software Development:
This software component of the proposed ambulance congestion management system has been developed using
state-of-the-art programming languages, frameworks, and libraries optimized for real-time data processing and
machine learning.
Programming Languages:
e Python: In developing the machine learning model, preprocessing the data, and implementing the
algorithms.
e JavaScript: Front-end development on the control dashboard and V21 communication interfaces
e SQL: For database management on the historical traffic and incident data.
Frameworks and Libraries:
e TensorFlow and Keras: To write the model together with the training of machine learning models that
include deep reinforcement learning for route optimization.
Scikit-learn: For preprocessing, feature engineering, and evaluation metrics.
Flask/Django: For backend frameworks to work with the API's integration of the model and allow for
web-based interfaces that a traffic management system can use.
e Socket.l0: For the communication where ambulances communicate in real-time with the central server
regarding dynamic updates.
e Map APIs like Google Maps or OpenStreetMap: For visualization as well as the acquisition of real-time
routing data. Development Process:

e Requirement Analysis: It will clearly state the specific requirements of the urban areas as well as that of
the ambulances.
System Design: Scalable and fault-tolerant with a modular architecture
Agile Methodology: Development is iterative along with feedback received from the traffic authorities
as well as healthcare providers.

Hardware Setup
In this hardware setup, multiple 10T and communication devices are integrated to ensure smooth data collection
and signal preemption.

GPS Tracking Devices :
Installed in the ambulances to provide real-time location data, speed, and direction.
It uses low latency communication with the central server for real-time updating.

Traffic Sensors:
Mounted at critical intersections and high-traffic areas.
Besides inductive loop detectors, radar-based vehicle counters are employed to calculate density and flow.

Edge Computing Devices:
Positioned along axes next to an intersection for local processing of the acquired data to limit latency.

Hardware:
Raspberry Pi or NVIDIA Jetson devices for running low-weight versions of machine learning models
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loT-Based Traffic Signals:

Traffic lights, with microcontrollers that receive real-time instructions from the system.

V21 protocols interact with a central server.

Simulation Environment

The performance of the system in different scenarios is tested in a simulation environment before it is put into
the field.

Simulation Tools:

SUMO (Simulation of Urban Mobility): It is used to model traffic conditions, simulate congestion, and determine
the impact of signal preemption.

MATLAB: Prototypes and optimization models of the algorithms are first tested in a controlled environment
using this tool.

NS-3: Network communication of V2| devices is simulated along with latency and reliability.

Replication of urban traffic scenarios includes peak-hour congestion, road accidents, and variation in traffic
densities.
Ambulance routes are added to the simulation to test the improvement in response time efficiency.

Validation: The outcome of the simulation is validated by comparing the results of predicted results, for
example, saving in travel time, with real-world data from historical records.

Testing scenarios

The system is tested under different scenarios, thus establishing its reliability and effectiveness.

Peak-Hour Traffic:

Simulates heavy congestion in rush hours and analyzes the possibility of offering the right of way to ambulances
without significantly disrupting regular traffic flow.

Emergency Conditions:

Analyzes how the system responds to simultaneous emergencies. It assesses the possibility of handling
conflicting priorities.

Analyzes the coordination of signals at various intersections to create green corridors for ambulances.
Unconventional Road Conditions:

Roadblocks, accidents or construction work call for dynamic rerouting of ambulances.

Test the validity of the predictive congestion and real-time optimization of route.

Data Sets

The machine learning model is trained and validated on rich data, accrued from all accessible sources:
Traffic Sensor Data:

Historical and real-time data through 10T sensors and traffic cameras.

Density, flow rates, and intersection wait times are included.

Ambulance GPS Data:

The real-time location and speed information of ambulances for actual trips.

Ambulance route optimization can be validated using this data.

Incident Records:

It contains historical records of road accidents, construction, special events, and many other such factors that
cause traffic disturbances.
It trains the model to predict congestion caused by events that are unforeseen.
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Open Traffic Datasets:

Augmenting training and enhancing model generalizability include available public datasets such as INRIX or
Google Maps API data.

Testing Environment

Simulated Environment:

SUMO and MATLAB are used in setting up a virtual urban traffic network, equating close to real-world
conditions, for controlled testing.

Simulations are run on high-performance computing systems to test system performance under several different
load scenarios.

Testing Real-World :

Field testing conducted in close collaboration with the on-ground traffic management team

10T sensors combined with VV2I- enabled smart traffic signals installed at selected intersections to receive live
feed

GPS enabled Ambulances track movement information to provide real time performance feedback.

Data Collection:

Streaming input streams from traffic signals and sensors are monitored throughout the field testing phase.

Data is logged for subsequent analysis and model refinement

Outcome Evaluation

The effectiveness and readiness of the system for actual deployment on a large scale would be measured in terms
of key metrics presented in the testing results, such as the reduction of response time, the accuracy of the signal
preemption, and the minimization of traffic disruption.

Results and Analysis

Quantitative Results
Performance of the system in several key metrics presented in Tables and Charts:

1. Improved Response Time:

The system improved the response time by 30-40% relative to the average response time under peak traffic
conditions.

Under non-peak hours, this reduction is around 20% since the baseline congestion is relatively lesser.
2. Effect of Congestion Level:

The overall traffic volume was minimally affected. Vehicles waited an average of 3-5 seconds longer

for each intersection.
3.Accuracy and F1 Score:

In development, the constructed congestion prediction model had an accuracy of 92%.

The tool reached an F1 score of 0.89, precision of 0.91, and recall of 0.87, which prioritized ambulances correctly
but reduced false alarms.
4. Signal Preemption Effectiveness:

More than 95% of the traffic signals had to be preempted in real time to allow moving ambulances priority.
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Performance Comparison
The performance of the system is compared against the baseline approach, which includes static routing
algorithms and traditional traffic signal systems:
Baseline Comparison:

Traditional static routing approaches lower response times by as much as only 10-15% against the proposed
approach that achieves a low of 30-40%.

Fixed presignaling preemption schemes produced greater traffic dislocation, which this proposed scheme makes
dynamic and adaptable to prevailing conditions.

Effectiveness of Subsystems:

Route optimization by Q-learning led to quicker as well as more reliable routes as compared to A* algorithms
and was even more effective under dynamic conditions.

Preemption strategy produces an effective preservation of a green corridor but does not degrade others.

Analysis of Results

1.System Accuracy and Responsiveness:

- The ability to accurately predict congestion with the capability for signal adjustments to the output does not
weaken the ML models and IoT integration.

System responsiveness enables real-time updates of dynamic traffic conditions, which is a critical factor in the
process of emergency response.

Benefits to Emergency Response

Response times reduction equates directly to survival rate improvement of critically ill patients.

- In terms of its ability to rank ambulances without causing major disruptions, the system is not only practical
and scalable.

Statistical Analysis

Statistical validation of the results:

Cross-Validation Metrics: 10-fold cross-validation ensured consistent performances on all subsets of data.
Significance Tests: The differences of the response times with and without the system are less than 0.01 in two
paired t-tests, which indicates a statistically significant improvement.

Performance Metrics :

Precision, recall, and F1 scores were always greater than 0.85, showing that the model was well balanced and
robust.

Discussion

Results bear extreme implications in vast ranges of applications:
1. Public Safety:
Ambulance response speed would reduce mortality rates and improve critical cases' outcomes.
2. Traffic Management:
The system could be applied towards smooth traffic flow in emergencies, thus showing applicability to broader
traffic optimization.
3. Healthcare:
All this is now directly in relation to public health, and thus emergency response capabilities are most effective
in an urban setting.
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Comparison with Other Studies

As compared to previous works, it has been observed that the dynamic nature of the system outperforms the
static nature of it as cited in studies such as"Smart Traffic Signals for Emergency Vehicles" (2020)". It does not
make use of the conventional optimization techniques that are discussed in "Route Optimization in Urban Areas"
(2018), but rather uses machine learning to make real-time decisions.

Challenges Faced

1.Due to Infrastructure Limitations :

Scalability is limited to the reliance on loT-enabled traffic lights in areas where such infrastructure does not exist
2. Data Challenges:

Sensor breakdowns and communication delays for collecting real-time data

3. Computational Requirements:

The execution of complex ML models required major computational powers that edge computing resolved.

Limitations

Even after its successful implementation, there could be quite a number of potential drawbacks and challenges
that may haunt the system implementing congestion management for ambulances along with preemption of
traffic signals. They may be technical, logistical and operational in nature. Some of the main drawbacks that are
there include:

1. Infrastructure and Installation Costs

e High Initial Investment: It is quite a costly affair in terms of initial investment to get the existing traffic
signals enabled through 10T devices, then set up new sensors wherever one needs, and ultimately central
control systems.

e Maintenance Costs: All 10T devices, sensors to detect traffic flow, and communication devices need
recurrent maintenance; hence the cost for the long run will be quite high.

e Infrastructure Dependency: If the infrastructure used is old or inconsistent, it may not give service as
expected, thus providing unreliable service.

2. System Scalability and Complexity

e Scalability Problem: It becomes complicated to include thousands of intersections and traffic lights into
the system, especially in cities that have congested traffic networks.

e Complex Setting: A tremendous need to configure, calibrate, and test the entire system (traffic lights,
V21 devices, GPS devices). This becomes pretty knotty, and roll-out might be cumbersome, especially
in multi-lane or high-density urban areas.

e Intense Network Traffic: communication between sensors, traffic lights, and control centers in real time
leads to intense network traffic, thereby having chances of latency or bottlenecks for data transmission
in dense networks.

3. Privacy and Security Issues

e Data Privacy: The system could be very invasive of public privacy through its real-time location tracking
and gathering of location data. Proper encryption with respect to data protection regulation is highly
challenging.

e Cybersecurity Vulnerabilities: 10T devices and the traffic system under surveillance connected to the
internet pose danger to hacking or malware attacks wherein it can allow cyber-criminal hacking into it
for control over traffic signals.
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e Unauthorized Access: Signal preemption would lead to service disruptions, posing risks to safety and
efficiency due to potential misuse by unauthorized persons.

4. Dependency on Real-Time Data Accuracy

e Data Inaccuracy: Real-time data from traffic sensors, GPS devices, and road cameras would incur
inaccuracies due to environmental factors like weather, signal interferences, hence leading to unreliable
performance.

e Signal Failures and Delayed Data: Incorrect or delayed information causes traffic lights to fail to respond
quickly, thereby essentially rendering the system futile and possibly caused the traffic jam

5. Possible Disruption of Traffic

e Disrupt Normal Flow Traffic: Habitual re-calibration of traffic signals to make way for emergency
vehicles causes an increase in waiting times and deviations from normal stream of commuters,
particularly on red-hot roads.

e Risk of Accidents: Sudden changes of traffic signals could lead to confusion for drivers and increase the
risk of accidents where emergency vehicles pass through the intersection.

6. Technical Limitations of Algorithms and Models

e Algorithm Complexity: Some optimization algorithms, such as genetic algorithms or reinforcement
learning, are very computationally intensive and take a long time to run; the decisions might be
significantly delayed.

e Adaptability: Although the machine learning models and systems based on fuzzy logic are adaptive, they
may take much time to respond to an unexpected road incident or changing traffic condition.

7. Dependence on Communication Networks

e Network Dependence: Many rely on the strength and speed of internet or cellular networks for updates.
In areas where the coverage is weak or zero, the system may become dysfunctional.

e Latency in V2I Communication: Real-time signal control is vital for having effective V2I
communication. But latency can decrease the responsiveness of the system, especially when traffic gets
heavy.

8. Environmental and Weather Factors

e Weather Interference: Clouds, heavy rain impinge on sensor accuracy, camera visibility, even wireless
communication to the system reliability.

e Environmental Impact of loT Devices: The spread of 10T devices and sensors brings to light the energy
consumption problem and the electronic waste problem when there is a need to replace them often.

9. Inherent Operational and Coordinative Challenges

e Coordination with Various Agencies: Coordination involving Traffic management centers, emergency
services and municipal governments is complex and prone to operational lag and miscommunication.

e Training and Operational Familiarity: Traffic managers, emergency operators, and other personnel
should be educated on how to operate the system, and unfamiliarity would impact response times in
emergencies.

10. System Reliability and Fail-Safe Mechanisms

e System Failures: Failure in a central system such as a power failure or malfunctioning server could lead
to grave loss.

e Dependence on Backup Mechanics: There should be fail-safe mechanisms, such as reverting to manual
control or to pre-programmed settings but which may also have knock-on effects on traffic flow and slow
down response times.
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Future Work

Improvements

1.System Expansion:

Expand the system to other emergency services: fire trucks and police cars

Get real-time incident reports from social media or news feeds to fine-tune the route optimization.

2. Model Refinement:

Employ federated learning and the like to improve ML models in terms of accuracy preserving data privacy.
Applications Beyond

1. Public Transportation:

Leverage the system in scheduling buses and trains more efficiently at peak hours, enhancing urban mobility.
2.Natural Disaster Response:

Adopt the system to enable evacuation routes during disaster times and facilitate quicker movement of rescuing
teams and resources.

Potential Research Directions

1.Cybersecurity:

Design security measures that will be robust against cyber attacks for their protection and safety in terms of data
integrity and system reliability

2.Advanced Routing Algorithms:

-Reinforcement learning in multi-agent settings: This is an efficient approach to cooperative decision-making
between multiple ambulances.

3. Integrate with Autonomous Vehicles:

Discuss some methods for how the system can be integrated with autonomous vehicles, leading to a more
streamlined emergency response scenario.

Performance Comparison Before and After Implementation
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CONCLUSION

Developing an intelligent ambulance congestion management and traffic signal preemption system may bring
significant influence to public health, optimum management of traffic, and the efficacy of emergency response
services in urban and semi-urban areas. In fact, within this system, the system can change traffic signal status
dynamically at intersections, as well as optimize routes, to decrease the response time to critical healthcare
services even further in saving lives. Not only will this benefit the emergency responders but will have a
multiplier effect on all sorts of stakeholders associated with them and the community through intelligent
infrastructure and machine learning-based decision-making.

Effect on Major Stakeholders and City Borough Residents

1. Better health outcome: this system will directly improve the survival rates of patients especially during serious,
life-threatening conditions where each minute makes all the difference. It can well show a serious impact
regarding faster response and transport times for patients who need urgent medical attention.

2. Smoother Traffic Flow: For instance, real-time route adjustment in daily rush-hour scenarios minimizes
secondary congestion that is caused by stopped vehicles or obstruction of lanes while clearing for emergency
vehicles. The system can also achieve more flexible traffic flow when it benefits the whole urban population by
stopping less for emergency vehicles and reducing travel time across routes in which they are used frequently
through the use of advanced traffic signal control.

3. Lowered Environmental Impact: Because the system optimizes routes that ambulances take and reduces idling
time at traffic, it will consume less fuel and lower emissions, which increases the sustainability and eco-
friendliness of cities. On the contrary, lower waiting times at crossings decrease emissions within the
transportation network and add up to a cleaner, greener city center.

4. Effective Emergency Response: Besides ambulances, the system can be focused on other emergency vehicles
such as fire trucks and police cars thereby enhancing general city resilience in emergencies. Response teams can
then reach the incidence location more reliably and sooner with a better coordination of priority signaling.

Performance and Precision of Machine Learning Model

This system is important for machine learning (ML) in its predictive and adaptive capabilities toward optimizing
traffic signals, traffic congestion detection, and route planning. It learns to predict with accuracy the state of
traffic conditions using ML models trained on vast datasets collected in real time through traffic sensors,
historical congestion data, and road incidents.

Models are usually judged on the basis of accuracy and F1 score, especially for a model like this. Accuracy
measures the amount of correctness of what a model is predicting (for instance whether a particular road is
congested), and the F1 score gives an even better balanced view of precision and recall over how well the model
really identifies correct instances versus incorrectly producing false positives.

This is definitely going to be an application under high stakes so, while accuracy above 90% is desired to ensure
reliability of good performance, albeit on a very good dataset and careful model tuning, a more useful measure
than accuracy in this case is the F1 score. This is because the F1 score corresponds to the balanced nature of the
model regarding how it correctly calls congestion (precision) versus making sure all congested routes are
identified (recall). The desirable value of the F1 score being greater than 0.85 requires the system's
recommendations on signal adjustments and route changes to be both accurate and exhaustive. This therefore
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requires proper and qualitative sources of data like the real-time traffic patterns and congestion over time
whereby the unbiased and biased models are well trained to reduce bias or even over classifications.

While this system, ultimately, brings many clear benefits, it does present some challenges: the high cost of
upgrading infrastructure, the necessity of high data accuracy, and cyber security. Coordination among traffic
management, emergency services, and municipal bodies is actually a most essential requirement for reliable
operation, and some measures should be taken against potential failures of the system or cyber attacks.

In general, this machine learning-driven ambulance congestion management system seems to revolutionize the
provision of emergency response in cities. It promises substantial benefits regarding the improvement of the
response time, reduction of burden on urban roads, and putting the public's health outcomes in the right track.
With a high accuracy and F1 scores achieved through good-designed ML models, the results obtained are much
better when this system can make an intelligent decision that provides its users with clear and fast routes for the
arriving emergency responders to their destinations, where cities become safer and more efficient.
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