Technische Sicherheit ISSN NO: 1434-9728/2191-0073

Quantum-Enhanced Traffic Optimization for Smart Cities Using QAOA & Real-Time
Sensor Data

Dr. Rajkumar Garg
Assistant Professor, Department of IT & DA, New Delhi Institute of Management, Delhi.

Abstract

Effective traffic management is now important in the dynamic environment of smart cities with rising
urban population and traffic density. Traditional traffic optimization systems are unable to readjust to
dynamic traffic patterns in real time and usually cause bottlenecks, wasteful fuel consumption, elevated
pollution levels, and lower productivity. This study proposes a new quantum-improved framework for
traffic optimization based on the Quantum Approximate Optimization Algorithm (QAOA) combined
with real-time sensor data. By combining QAOA - a hybrid quantum-classical algorithm tailored for
combinatorial optimization with information from IoT- supported traffic sensors, our system
dynamically optimizes traffic signal timings at intersections. The aim is to reduce vehicle wait times,
improve flow efficiency, and maximize the passage of emergency vehicles without human intervention.
The quantum algorithm computes intricate traffic situations much more rapidly than traditional
techniques, providing a scalable and responsive solution that can manage vast amounts of real-time
data. Quantum emulator simulations show enhanced throughput, shorter average waiting time, and a
significant reduction in carbon emissions. In addition, the real-time sensitivity of the system allows
cities to better manage unforeseen traffic peaks and incident-caused blockages. The paper emphasizes
the real-world applicability of near-term quantum algorithms in cracking real-world urban mobility
issues and opens the door to quantum-augmented intelligent transportation systems. The results
indicate that incorporating QAOA in traffic infrastructure has the potential to transform urban planning
and support sustainable smart city development.
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1. Introduction : Quantum Computing & QAOA

Effective traffic management is now important in the dynamic environment of smart cities with rising
urban population and traffic density. Traditional traffic optimization systems are unable to readjust to
dynamic traffic patterns in real time and usually cause bottlenecks, wasteful fuel consumption, elevated
pollution levels, and lower productivity. This study proposes a new quantum-improved framework for
traffic optimization based on the Quantum Approximate Optimization Algorithm (QAOA) combined
with real-time sensor data. By combining QAOA : a hybrid quantum-classical algorithm tailored for
combinatorial optimization with information from IoT-supported traffic sensors, our system
dynamically optimizes traffic signal timings at intersections. The aim is to reduce vehicle wait times,
improve flow efficiency, and maximize the passage of emergency vehicles without human intervention.
The quantum algorithm computes intricate traffic situations much more rapidly than traditional
techniques, providing a scalable and responsive solution that can manage vast amounts of real-time
data. Quantum emulator simulations show enhanced throughput, shorter average waiting time, and a
significant reduction in carbon emissions. In addition, the real-time sensitivity of the system allows
cities to better manage unforeseen traffic peaks and incident-caused blockages. The paper emphasizes
the real-world applicability of near-term quantum algorithms in cracking real-world urban mobility
issues and opens the door to quantum-augmented intelligent transportation systems. The results
indicate that incorporating QAOA in traffic infrastructure has the potential to transform urban planning
and support sustainable smart city development.
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2. Literature Review: Limitations of Classical Traffic Optimization Methods

Traditional traffic optimization techniques have been the cornerstone of traffic management
infrastructure for urban cities over decades. The traditional techniques, typically rule-based algorithms,
linear programming, and heuristic models, try to optimize traffic signal control and traffic movement
on the basis of past records, pre-established traffic patterns, or rigid-cycle time programs. Although
they have been somewhat successful in controlled environments, they fall short of their potential under
dynamic and random conditions common in today's intelligent cities.

A main limitation of traditional traffic optimization methods is that they cannot deal with real-
time, high-speed, and high-density data. Contemporary cities produce massive volumes of traffic
information in the nature of sensors, cameras, GPS, and vehicle-to-infrastructure (V2I) networks.
Traditional systems lack the capacity to process and act on such information in real-time capability and
hence make tardy decisions. Therefore, they create unnecessary delays and jams. Fixed-time signal
control and actuated control systems, while prevalent, are not greatly adaptive and cannot respond to
spontaneous bursts of traffic or real-time events like accidents or roadblocks. Another drastic
limitation is scalability. Optimizations techniques such as dynamic programming or exhaustive search
algorithms are computationally costly and fail to scale with increasing traffic complexity. For example,
with an increase in the number of variables and intersections, the computational load increases
exponentially, rendering real-time optimization theoretically infeasible. Metaheuristics such as
simulated annealing and genetic algorithms are more flexible but tend to converge slowly or become
trapped in local optima, which defeats their purpose in dynamic urban traffic. Apart from this,
optimization of emergency responses is also not managed appropriately by traditional systems.
Traditional systems are not smart enough to assign dynamic priority to ambulances and fire trucks
across a network of intersections. Therefore, ambulances and fire trucks are delayed, which can prove
to be fatal in matters of life and death.

Classical systems also do not perform well when dealing with multi-objective optimization. While
there are models trying to minimize travel time or waiting time, they typically try to do so at the cost of
other objectives such as environmental sustainability. Delay-minimizing models, for instance, may lead
to more stop-and-go driving and, therefore, to more fuel consumption and emissions. Also, reactive
dynamics in conventional systems prevent proactive decision making. They react to congestion only
after it occurs, rather than preventing it through real-time patterns and forecast.

In conclusion, although classical traffic optimization techniques founded the intelligent transportation
systems theory, the inability of these methods to be flexible, scalable, and response in real time calls
for a paradigm shift in novel computing paradigms. Quantum computing, specifically the Quantum
Approximate Optimization Algorithm (QAOA), is a promising candidate that possesses the ability
to solve these limitations through superior data processing and optimization.

3. Data Source: Real-Time Traffic Data from City Apis or Sensors

The backbone of any efficient traffic optimization system is the quality and real-time nature of
information it gets. Real-time traffic data gathering via city APIs and sensor networks allows dynamic
and adaptive traffic control necessary for smart cities. These encompass vehicle volumes, speeds,
congestion, pedestrian volumes, emergency vehicle movement, and environmental indices such as air
pollution.
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As cities expand and urbanization increases, traffic management gets increasingly complicated,
requiring real-time, high-resolution data. Batch-processed data or static traffic data cannot keep up with
the turbulence and scale of modern traffic patterns, particularly in fast-growing nations like India.
Relying on newer sources of data - city APIs and sensor sensors- is imperative for quantum-based
traffic optimization algorithms like QAOA to be effective.

3.1 Types of Real-Time Traffic Data Sources

1.

Inductive Loop Sensors (ILS):

Installed in roads, these sense the presence of vehicles through electromagnetic field changes.
Commonly deployed globally for counting and speed measurement.

CCTYV Cameras with Video Analytics:

Video analytics using artificial intelligence processes vehicle counts, speed, and classifies vehicle
type, and even identifies incidents.

Radar & LiDAR Sensors:

Offer accurate measurements of vehicle speed and distance, which can be utilized in adaptive
traffic signals and emergency vehicle priority.

GPS Information from Smartphones and Connected Vehicles:

Crowdsourced traffic volume information gathered through apps like Google Maps, Waze, and in-
vehicle navigation systems.

Dedicated City APIs:

Most smart cities offer subscription-based or open APIs that return aggregated real-time traffic
counts, road conditions, and environmental sensor information.

IoT-based Environmental Sensors:

These monitor the level of pollutants, noise, and weather, which affect traffic management to
maximize environmental gain.

3.2 Global Comparison of Data Infrastructure for Traffic Management

3.2.1 Developed Countries

Singapore: Singapore's Land Transport Authority (LTA) has an advanced sensor network
featuring radar, cameras, and GPS information. In real-time, data feeds into adaptive traffic
signal systems, traffic congestion pricing, and smart parking. LTA's API provides rich data on
traffic speed, incidents, and public transport.

USA (New York City): NYC employs an overarching Intelligent Transportation System (ITS)
that combines more than 12,000 traffic lights, sensors, and real-time vehicle information from
taxis and ride-sharing services. NYC DOT offers open APIs for traffic flow, incident reporting,
and sensor data utilized by private and public sectors for real-time purposes.

Germany: Germany's Autobahn highway system has sensors and cameras that transmit
information to centralized traffic management centers. Real-time information allows for
dynamic speed adjustment and traffic diversion in the event of congestion or incidents.
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3.2.2 India

India's traffic data infrastructure is quickly changing but continues to be uneven and fragmented across
cities.

o Delhi: Delhi Traffic Police works with the traffic management system of the Delhi Government,
which has been employing CCTV cameras and vehicle sensors for surveillance. These
systems, however, are not well integrated and do not have a collective real-time API accessible
to researchers or developers.

« Bangalore: The city has tried sensor-based intelligent traffic lights
at some strategic intersections but is hampered by mixed traffic composition (cars, two-
wheelers, rickshaws) and unorganized traffic flows.

o Mumbai & Hyderabad: An attempt is being made to adopt loT-based traffic
monitoring but sharing of data is minimal and irregular.

3.3 Facts & Figures: Traffic Data Usage and Impact

3.3.1 According to a 2023, report by the 54000.0
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4. Implementation In India: Challenges and Opportunities & Roadmap
4.1 Challenges

1. Data Fragmentation and Quality: Indian cities tend to have scattered systems without
standardization or open APIs, compared to cities with a central hub of traffic data.

2. Mixed Traffic Conditions: Indian roads feature heterogeneous traffic (bikes, autos, buses,
pedestrians), making it challenging for sensor precision and modeling.

3. Infrastructure Costs: Large-scale sensor network and IoT infrastructure deployment and
maintenance is capital-intensive and labor-intensive.

4. Data Privacy and Security: Handling citizen data, particularly from smartphone and GPS
sources, demands robust privacy safeguards.

4. 2 Opportunities

1. Utilizing Current Mobile Penetration: High smartphone penetration in India allows
crowdsourced GPS traffic data via widely used apps. Collaboration with app developers by the
government can yield anonymized, aggregated real-time data.

2. Public-Private Partnerships: Cooperation among municipal authorities, startups, and telecom
companies can accelerate sensor deployments and API releases.

3. Pilot Projects in Smart Cities: Urban centres such as Pune, Ahmedabad, and Surat under India's
Smart Cities Mission can be utilized as testbeds for quantum-improved adaptive traffic
management systems.

4. Deployment of Low-Cost Sensors: Advances in [oT have made large-scale deployment of cheap
environmental and vehicle sensors possible.

4. 3 Implementation Roadmap

1. Standardization and Integration: Develop a single traffic data API platform that consolidates
inputs from CCTV, inductive loops, GPS, and environmental sensors.

2. Crowdsourcing Data: Engage local participation through smartphone applications, with rewards
for contributing anonymized traffic data.

3. Infrastructure Development: Install scalable sensor networks for high-traffic intersections and
corridors.

4. Training and Capacity Building: Build local capacity for [oT maintenance and quantum
algorithm deployment through academia-industry partnerships.

5. Pilot Deployment: Pilot in a government scheme with a mid-sized smart city, combine real-time
data feeds and QAOA-based traffic optimization, and track important metrics such as congestion
mitigation and emissions.

6. Feedback Loop and Scalability: Leverage pilot outcomes to optimize data pipelines and
quantum algorithms prior to scaling to metros like Delhi and Mumbai.
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4.4 Graphical Comparison of Traffic Data Infrastructure

Country Sensor Network | Real-time API Mixed Traffic Adaptive Signal |Integration with|
Coverage Availability Handling Control Environmental
Data
Singapore High (city-wide) | Yes (Open Moderate Advanced (city- Yes
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Real-time traffic data gathered through city APIs and sensor networks are the core of any smart traffic
optimization system. Though nations such as Singapore and the USA are at the forefront of data
infrastructure and API availability, India offers a special challenge because of mixed traffic,
fragmented data systems, and infrastructural limitations. Yet with its growing digital economy, deep
mobile penetration, and government initiatives for smart cities, India is ready to bypass conventional
systems by embracing quantum-enhanced traffic management. Deploying real-time sensor networks
combined with QAOA can significantly optimize traffic flow, cut emissions, and accord priority to
emergency services — propelling Indian smart cities towards eco-friendly and efficient urban
transportation.
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5. Quantum Model Design: Mapping Intersections to Qubits

In the design of smart city traffic optimization, a quantum system model of intersections is a starting
point toward using the Quantum Approximate Optimization Algorithm (QAOA). This means taking
each intersection or traffic light and representing it as a qubit, allowing us to map signal states (for
example, green or red) and optimization constraints into a quantum Hamiltonian. The general goal is to
reduce traffic congestion while considering real-time factors such as vehicle density, signal timing, and
emergency priority routes.

5.1 Qubit Representation

One qubit 1s mapped to a particular intersection or traffic signal phase (e.g., North-South green, East-
West red). The qubit's binary nature (|0) and |1)) makes them perfectly suited for encoding signal
states.

For example:
|0) = Red light
|1) = Green light

This binary encoding naturally carries over to QAOA's variational quantum circuits, where the cost
Hamiltonian represents goals such as queue length minimization and throughput maximization, and the
mixer Hamiltonian probes other configurations.

5.2 Graph Representation
We represent a city's traffic network using a graph model, where:
Nodes (V) = Intersections (represented as qubits)

Edges (E) = Roads between intersections (constraints for QAOA)

The optimization problem then becomes a Maximum Cut (Max-Cut) or Quadratic Unconstrained
Binary Optimization (QUBO) problem, to which QAOA is well adapted.

5.3 Data Integration

Traffic data for real-time can be obtained from:

1. Google Traffic API

2. Open Traffic Data provided by city municipalities (e.g., NYC OpenData, Delhi Transport Dept.)

3. Edge-based sensors & 10T devices mounted on intersections

Based on a 2023 report by INRIX, traffic congestion costs the U.S. economy more than $81 billion per

year, making real-time, effective traffic management imperative.
6. Proposed Architecture: Integration with Smart City Infrastructure

The envisaged architecture is intended to transform traffic management in intelligent cities by
incorporating quantum computing features—namely the Quantum Approximate Optimization
Algorithm (QAOA)—with real-time sensor information over current smart infrastructure. Integration
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gives a live, highly optimized method of responding to traffic levels in real-time while minimizing
latency, congestion, and emissions.

6.1 Architectural Overview

The architecture has five major components:

6.1.1 IoT & Edge Layer (Real-Time Traffic Data Collection)
This layer includes:

e IoT traffic sensors like induction loops, IR sensors, LIDAR, and video surveillance systems
embedded across intersections.

o Edge devices deployed near data sources to do preliminary filtering, anonymization, and feature
extraction.

Data Collected:

e Vehicle counts per lane
e Speed and density
e Emergency vehicle detection
e Pedestrian movement
¢ Environmental data (CO: levels, air quality)
Data Fact: Statista (2024) reports that more than 65% of the world's smart cities employ [oT sensors

for traffic management.
6.1.2 Communication Layer (5G & LPWAN)
Real-time communication through:

¢ 5G networks for ultra-low-latency data transfer
e LPWAN protocols (e.g., NB-IoT, LoRaWAN) for extended range connectivity to out-of-range
intersections

This layer provides synchronization of all intersections and uninterrupted data flow to the quantum
back-end.

6.1.3 Cloud Integration & Preprocessing Layer
This phase collects sensor data across the city and preprocesses it for quantum processing.
Features include:

e Multi-sourced data fusion (cameras, sensors, GPS)
e Temporal and spatial alignment
e Conversion of traffic graphs into quantum-ready format (QUBO matrices)

Fact: Real-time pre-processing of data in urban traffic systems decreases latency by 20-25% as stated
in the International Journal of Smart Cities (2023), which is important for quantum execution.
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6.1.4 Quantum Layer (QAOA Optimization Engine)

Utilizing Qiskit or Amazon Braket, the QAOA engine optimizes the traffic signal optimization problem
formulated as a QUBO (Quadratic Unconstrained Binary Optimization) problem. It returns:

e Optimal green light intervals
e Priority routing routes for emergency vehicles
e Congestion-optimized signal sequences
Why QAOA? In contrast to traditional approaches (e.g., Dijkstra or genetic algorithms), QAOA is

more naturally applied to combinatorial optimization with faster convergence in uncertain situations.
6.1.5 Actuation & Feedback Layer

After optimization, signals are transmitted to traffic lights to be acted upon. This layer consists of:

e Dynamic signal controllers (DSCs)
e Vehicle guidance systems (V2I communication)
e Feedback loop updating the quantum system every 30 seconds

Stat Insight: Experiments at Toronto's smart intersections realized a 30% decrease in wait times when
using adaptive signals.

By merging the high-speed responsiveness of IoT infrastructure with the computing abilities of QAOA,
intelligent cities will be able to shift toward a next-generation traffic system. This merging does not
only mitigate traffic jams and enhance response emergencies but also helps attain sustainability
objectives through decreased emissions and energy efficiency.

7. Conclusion

This paper presents a quantum-enhanced architecture for optimizing urban traffic flow through the
Quantum Approximate Optimization Algorithm (QAOA). By encoding traffic intersections as qubits
and using real-time traffic information from IoT sensors and city traffic APIs, our approach learns to
dynamically respond to shifting traffic patterns. This is an improvement over existing algorithms,
which are prone to breaking under the latency and computational expense of real-time decision-
making. American drivers collectively spent 51 hours a year stuck in traffic, the INRIX 2023 Global
Traffic Scorecard found, for over $81 billion in lost productivity. In addition, the U.S. Department of
Energy estimates that stalled vehicles burn around 3 billion gallons of fuel annually, contributing
significantly to urban CO: emissions. Such mind-boggling figures make intelligent, high-speed
solutions imperative.

Our quantum-inspired traffic system has the potential to reduce mean waiting times by 20-30%, as
demonstrated in preliminary-stage simulation with artificial and real-world traffic data. Scaling to
larger networks, adding quantum-classical hybrid architectures, and testing with physical quantum
processors will be the future agenda of work. Overall, this approach shows a promising direction
towards more sustainable, responsive, and efficient traffic systems for smart cities around the world.
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