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ABSTRACT
The rapid growth of urbanization and vehicular traffic has necessitated the
deployment of intelligent systems to manage city resources efficiently. Edge
Intelligence (EI), which combines edge computing with artificial intelligence
(Al), provides a promising solution to handle the large-scale data generated by
smart city infrastructure and intelligent transportation systems (ITS). By
processing data closer to the source, El reduces latency, enhances real-time
decision-making, and optimizes resource usage. This review paper presents an
overview of EI applications in smart cities and ITS, examines enabling
technologies, discusses challenges, and identifies future research directions.
The paper also highlights practical implementations and compares edge-based

approaches with traditional cloud-centric models.

KEYWORDS: Edge Intelligence, Smart Cities, Intelligent Transportation

Systems, Internet of Things, Low-Latency Computing, Real-Time Analytics

INTRODUCTION

Urban centers worldwide are witnessing rapid population growth, increasing vehicular
congestion, and rising demand for sustainable city management. Smart cities leverage
information and communication technologies (ICT) to improve urban living, while intelligent

transportation systems aim to enhance traffic management, safety, and mobility.
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Traditionally, cloud computing has been used to process vast amounts of data generated by 1oT
devices in smart cities. However, cloud-based solutions often suffer from high latency,
bandwidth constraints, and privacy concerns. Edge Intelligence addresses these limitations by
deploying Al models and analytics at the network edge, enabling real-time decision-making,

energy efficiency, and localized data processing.

This paper reviews recent advancements in edge intelligence for smart cities and ITS. The
objectives are:

1. To explore key technologies enabling EI deployment.

2. To examine applications in smart city infrastructure and ITS.

3. To discuss challenges and potential solutions.

4. To highlight future directions and emerging trends.

OVERVIEW OF EDGE INTELLIGENCE

Edge Intelligence (EI) represents the convergence of edge computing and artificial intelligence
(Al), enabling data processing, analysis, and decision-making to occur closer to the source of
data rather than relying solely on distant cloud servers. In smart cities and intelligent
transportation systems (ITS), enormous amounts of data are continuously generated from
heterogeneous sources such as traffic cameras, environmental sensors, connected vehicles, and
public infrastructure. Transmitting all this data to centralized cloud servers introduces
significant latency, network congestion, and privacy risks. EI mitigates these issues by
deploying computational and learning capabilities at or near the data origin, allowing real-time,

context-aware responses.

1. Definition and Architecture

Edge Intelligence can be defined as the capability of distributed computing devices (edge
nodes) to perform Al-driven inference and, in some cases, learning, directly at the network
edge. Unlike traditional cloud-centric Al, which requires sending raw data to centralized
servers for processing, El processes data locally or in a hierarchical manner between edge and
cloud layers. This enables low-latency services, reduced communication overhead, and

enhanced privacy.
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A typical Edge Intelligence architecture is structured into multiple layers:

a) Device Layer

This is the foundation of EI and consists of heterogeneous 10T devices, such as:

e Traffic cameras for vehicle monitoring

e Environmental sensors for air quality and noise levels

e Connected vehicles equipped with radar, LIDAR, or GPS modules

These devices collect raw data from the environment and may perform preliminary

preprocessing, such as filtering, compression, or anomaly detection.

b) Edge Layer

Edge nodes—such as gateways, microservers, or mini data centers—reside close to the devices

and provide local computation and storage. Key roles of the edge layer include:

e Running Al inference for tasks like traffic prediction, accident detection, or crowd
monitoring

e Aggregating data from multiple devices for regional insights

e Executing federated learning to update models without sharing sensitive raw data
Edge nodes are typically resource-constrained compared to the cloud, necessitating

optimized Al models using techniques like pruning, quantization, or knowledge distillation.

c) Communication Network

Efficient data transfer and coordination between devices, edge nodes, and cloud servers are
critical. Modern communication technologies such as 5G/6G, Wi-Fi 6, LPWAN, and
vehicular ad hoc networks (VANETS) enable high-speed, low-latency, and reliable
connectivity. Network protocols and slices may be dedicated to latency-sensitive applications

like autonomous driving or emergency response.

d) Cloud Layer

While edge nodes handle real-time tasks, the cloud remains indispensable for heavy
computations, large-scale data storage, long-term analytics, and global model training. A
hybrid edge-cloud approach allows dynamic allocation of tasks, leveraging the cloud’s

scalability while maintaining low-latency operations at the edge.
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Figure 1: Edge Intelligence Architecture for Smart Cities

Table: 1
Layer Components Functions
Device Layer || loT sensors, smart cameras, vehicles Data collection
Gateways, edge servers, micro data ) )
Edge Layer Local processing, Al inference
centers
Model training, large-scale
Cloud Layer Remote cloud servers i
analytics
Communication|| 5G/6G networks, Wi-Fi, LPWAN Data transfer, coordination

2. Advantages of Edge Intelligence

Edge Intelligence (EI) offers significant advantages over traditional cloud-centric approaches,
especially in the context of smart cities and intelligent transportation systems (ITS). By
bringing computation and Al closer to the data source, El addresses latency, bandwidth,
privacy, and scalability challenges, enabling more efficient and responsive urban systems. The

key advantages are elaborated below:
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a) Low Latency

Latency refers to the delay between data generation and actionable decision-making. In

conventional cloud-based architectures, raw sensor data must travel over networks to

centralized servers for processing. This introduces delays that are unacceptable in time-

sensitive applications, such as:

e Autonomous Vehicles (AVs): Edge nodes can process LIDAR and camera data locally,
allowing vehicles to detect pedestrians, obstacles, or sudden traffic changes in milliseconds.

e Traffic Signal Control: Real-time analytics at intersections can adjust signal timing
dynamically to reduce congestion without waiting for cloud computation.

e Emergency Response Systems: Edge-enabled surveillance systems can detect accidents,

fires, or crowds in real-time and immediately alert authorities.

By processing data locally or at nearby edge nodes, EIl reduces end-to-end latency, supporting

near-instantaneous decision-making critical for ITS and urban safety.

b) Bandwidth Efficiency

The massive scale of 10T devices in smart cities produces enormous amounts of data.
Transmitting all raw data to the cloud consumes significant network bandwidth, increases
operational costs, and can cause congestion. Edge Intelligence addresses this by performing

local data processing and transmitting only relevant insights or compressed model updates.

Examples include:

e Traffic Monitoring: Instead of sending full-resolution video feeds to the cloud, edge nodes
extract vehicle counts, speed, and congestion levels, reducing data transmission by up to
80-90%.

e Environmental Sensing: Air quality or noise sensors preprocess data locally to detect
anomalies or threshold breaches before sending summaries to central servers.

e Public Transport Analytics: Buses and trains can locally analyze passenger occupancy

and share only aggregated statistics with the control center.

This approach not only reduces network load but also allows more devices to operate

simultaneously without affecting performance, which is critical in dense urban environments.
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¢) Enhanced Privacy and Security

Smart city and ITS deployments involve sensitive data, such as vehicle locations, video

surveillance, and personal information from mobile devices. Transmitting all this data to the

cloud increases exposure to cyberattacks or data breaches. Edge Intelligence improves privacy

by keeping sensitive information close to its source:

e Federated Learning: Edge nodes train local Al models using private data and send only
model parameters or gradients to a central server, preventing raw data exposure.

e Video Analytics: Surveillance cameras can detect suspicious activities locally and transmit
only alerts or anonymized metadata rather than raw footage.

e Health and Mobility Data: Wearable devices and connected vehicles can process personal

or movement data at the edge, enhancing user privacy.

Additionally, edge devices can implement encryption, secure authentication, and access

control, further enhancing data security while maintaining regulatory compliance.

d) Scalability

Edge Intelligence enables scalable deployments in urban environments by distributing

computation across multiple nodes rather than relying on centralized infrastructure. The

benefits include:

e Heterogeneous Device Integration: EI can manage thousands of diverse devices such as
traffic cameras, sensors, and connected vehicles, allowing seamless expansion of smart city
infrastructure.

e Incremental Expansion: New edge nodes or micro data centers can be added without
overloading the cloud, supporting city growth or increasing ITS coverage.

e Adaptive Resource Allocation: Edge nodes can handle local workloads independently and
coordinate with cloud servers for heavy computations, enabling scalable Al deployments

without bottlenecks.

For example, during large-scale events like festivals or sports matches, temporary edge nodes
can be deployed near event sites to manage traffic, crowd control, and emergency response

without overwhelming the central system.
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KEY TECHNOLOGIES ENABLING EDGE INTELLIGENCE

Edge Intelligence (EI) depends on a combination of advanced computing, networking, and Al
technologies to enable real-time, scalable, and secure operations in smart cities and intelligent
transportation systems (ITS). These technologies collectively address the limitations of
centralized cloud architectures and empower edge devices to perform sophisticated tasks while
maintaining low latency, high efficiency, and privacy. The major enabling technologies are

described below.

1. Mobile Edge Computing (MEC)

Mobile Edge Computing (MEC) is a paradigm in which computational and storage resources
are deployed close to end-users, typically within the edge of cellular networks. MEC servers
can be installed in 5G small cells, base stations, or local micro data centers, allowing edge
devices to offload compute-intensive tasks without sending large volumes of data to distant

cloud servers.

Key Advantages of MEC:

e Reduced Latency: MEC enables real-time services such as adaptive traffic control,
pedestrian monitoring, and autonomous vehicle navigation by processing data locally.

e Localized Analytics: MEC supports region-specific analysis, such as detecting congestion
in a particular neighborhood or monitoring air quality near a school zone.

e Enhanced Reliability: By processing critical tasks locally, MEC reduces dependence on
intermittent or congested networks, ensuring continuity of service even during cloud

outages.

Example Applications in Smart Cities and ITS:

e Autonomous Vehicles: MEC servers process LIDAR, radar, and camera data at
intersections, enabling vehicles to make split-second decisions without relying on remote
servers.

e Traffic Signal Optimization: Edge nodes at intersections analyze vehicle flow in real-
time and adjust signal timing dynamically.

e Crowd Monitoring: MEC servers analyze live video feeds in public areas during festivals

or events to prevent overcrowding or detect unusual behavior.
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2. Distributed Learning
Distributed Learning allows Al models to be trained and updated across multiple edge
devices without centralizing raw data, addressing both scalability and privacy concerns. Two

primary approaches are commonly used in EI:

a) Federated Learning (FL):
e Edge devices train local Al models using their own data.
e Only model parameters or gradients are sent to a central server for aggregation.

e Raw data remains local, preserving user privacy.

Example: Predictive traffic models can be trained locally at edge nodes near intersections.
Updates are shared to improve a city-wide traffic prediction model without transmitting

individual vehicle data.

b) Split Learning:

e A deep learning model is divided into segments, with initial layers executed on edge
devices and later layers processed at a central server.

e Reduces computational load on resource-constrained devices while still enabling training

of complex models.

Benefits of Distributed Learning in ElI:

e Privacy Preservation: Sensitive data never leaves local devices.

e Reduced Communication Overhead: Only model updates, not raw data, are transmitted.
e Scalable Al Deployment: Large-scale ITS and smart city networks can train Al models

collaboratively without overloading the cloud.

3. Al Model Optimization

Edge devices often have limited computational power and memory, making it challenging to
deploy large-scale Al models. Al Model Optimization techniques enable efficient deployment
without significant performance loss:

a) Model Pruning: Removes less important neurons or parameters from neural networks,

reducing model size and inference time.
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Example: A traffic prediction model for an edge node can be pruned to run faster while

maintaining high accuracy.

b) Quantization: Converts high-precision weights (e.g., 32-bit floats) into lower precision
(e.g., 8-bit integers), significantly reducing memory requirements and accelerating

inference.

c) Knowledge Distillation: Trains a smaller “student” model using the outputs of a larger
“teacher” model, retaining performance while reducing computational complexity.
e Example: Large-scale vision models used for crowd monitoring can be distilled into

compact models suitable for edge deployment.

d) Low-Rank Factorization: Decomposes large weight matrices into smaller components to

reduce computations and memory usage.

Impact on Smart Cities and ITS:
These optimizations enable edge nodes to perform complex Al tasks such as vehicle detection,
incident prediction, and pedestrian recognition in real-time, without relying on powerful cloud

Servers.

4. 5G/6G Communication

High-speed, low-latency communication networks are critical to the success of El. 5G and

upcoming 6G technologies provide the following advantages:

e Ultra-Low Latency: 5G can achieve latencies as low as 1 millisecond, enabling real-time
coordination between edge nodes and autonomous vehicles.

e Massive Device Connectivity: Supports thousands of loT devices in dense urban
environments, allowing extensive smart city deployments.

e Network Slicing: Dedicated slices can be assigned to critical applications such as traffic
management, autonomous driving, or emergency services.

e Edge-Cloud Integration: High-speed networks facilitate hybrid deployments where edge
nodes handle real-time inference and the cloud performs large-scale analytics.
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Example Applications:

e Connected Vehicles: Vehicles exchange real-time location and speed information via 5G,
enabling cooperative adaptive cruise control.

e Intelligent Public Transport: Fleet management systems receive real-time updates on bus
or train locations to optimize routes dynamically.

e Smart Infrastructure: Traffic signals, street lights, and environmental sensors

communicate seamlessly with edge nodes for coordinated urban management.

APPLICATIONS OF EDGE INTELLIGENCE IN SMART CITIES

Edge Intelligence enables various smart city applications:

1. Smart Traffic Management

El can optimize traffic flow by processing real-time data from road sensors and cameras.

Predictive models detect congestion, enabling dynamic traffic signal control.

Table 2: EI Applications in Traffic Management

Application Edge Intelligence Role Benefits
) o Edge Al predicts congestion Reduced travel time, fuel
Traffic Prediction _
patterns savings
Smart Signals Adaptive traffic lights Minimizes waiting times
Incident Detection Anomaly detection from CCTV | Faster emergency response

Public Transport ) )
o Edge analytics on vehicle status || Improved fleet management
Monitoring

2. Public Safety and Surveillance

Edge-based Al can perform real-time video analytics for crime detection, crowd monitoring,
and emergency alerts, reducing reliance on centralized cloud servers.

3. Energy Management

Smart grids use edge intelligence to balance supply and demand in real-time. Predictive
maintenance at substations and adaptive load management reduce power wastage.

4, Waste Management

Edge-enabled sensors in bins monitor fill levels, and Al optimizes collection routes,

minimizing operational costs and carbon footprint.
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EDGE INTELLIGENCE IN INTELLIGENT TRANSPORTATION SYSTEMS (ITS)
ITS involves integrating communication, control, and computing technologies to enhance
traffic efficiency and safety.

1. Autonomous Vehicles (AV)

El enables AVs to process sensor data locally, perform object detection, and make split-second
driving decisions. MEC reduces latency for vehicle-to-infrastructure (V2I) and vehicle-to-
vehicle (V2V) communication.

2. Connected Vehicle Systems

Edge intelligence allows vehicles to share information about traffic, weather, and accidents in
real-time, supporting cooperative driving and traffic optimization.

3. Predictive Maintenance

Edge devices in vehicles can monitor engine performance and detect anomalies, predicting

maintenance needs before failures occur.

CHALLENGES IN EDGE INTELLIGENCE DEPLOYMENT

Despite its potential, EI faces several challenges:

1. Computational Limitations

Edge devices often have limited memory and processing power, requiring optimized Al models
and efficient inference algorithms.

2. Data Privacy and Security

Even with local processing, edge nodes are vulnerable to cyberattacks. Techniques such as
encryption, secure federated learning, and blockchain can enhance security.

3. Interoperability

Heterogeneous devices and protocols in smart cities can hinder seamless EI deployment.
Standardized interfaces and protocols are necessary.

4. Scalability

Deploying EI at city scale requires careful resource management and orchestration between

edge nodes and the cloud.

FUTURE DIRECTIONS
The future of EI in smart cities and ITS includes:
1. Integration with Digital Twins: Real-time simulations of city infrastructure for predictive

management.
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2. 6G-Enabled Edge Al: Ultra-low latency and massive connectivity will enhance

autonomous driving and 10T services.

3. Green Edge Computing: Energy-efficient Al models and hardware will minimize carbon

footprint.

4. Edge-Cloud Collaboration: Hybrid models will combine cloud-scale analytics with edge-

based real-time inference.

5. Al for Multi-Modal Transport: Optimizing traffic, public transport, and pedestrian flows

simultaneously.

CONCLUSION
Edge Intelligence is transforming the landscape of smart cities and intelligent transportation

systems Dby enabling real-time, localized, and privacy-preserving computation. With

advancements in MEC, federated learning, optimized Al models, and high-speed networks, El

facilitates efficient traffic management, energy optimization, public safety, and autonomous

vehicle deployment. While challenges such as computational constraints, security, and

interoperability exist, ongoing research and hybrid edge-cloud architectures promise scalable

and sustainable solutions. The continued evolution of EI will be pivotal in shaping future urban

mobility and sustainable city management.
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