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Abstract

Autonomous vehicles are becoming an essential component of modern
intelligent transportation systems due to advancements in Artificial Intelligence
(Al), Internet of Things (loT), 5G communication, and edge computing
technologies. These vehicles continuously exchange large amounts of data
related to traffic conditions, road environments, navigation, sensor information,
and driving decisions. However, centralized data processing in autonomous
vehicle communication networks raises significant concerns regarding data
privacy, security, latency, bandwidth consumption, and scalability.

Federated Learning (FL) has emerged as a promising distributed machine
learning approach that enables autonomous vehicles to collaboratively train Al
models without sharing raw data. A hybrid federated learning model combines
centralized, decentralized, edge-based, and cloud-assisted learning mechanisms
to improve communication efficiency, security, and learning performance in
autonomous vehicle networks. This research paper examines the architecture,
working principles, benefits, challenges, and applications of a Hybrid Federated
Learning Model for secure and efficient autonomous vehicle communication
networks. The study concludes that hybrid federated learning significantly
enhances data privacy, communication efficiency, scalability, and intelligent
decision-making in autonomous transportation systems.
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1. Introduction

The rapid advancement of intelligent transportation technologies has
transformed the automotive industry and urban mobility systems. Autonomous
vehicles, also known as self-driving vehicles, use Artificial Intelligence,
machine learning, computer vision, sensors, and wireless communication
technologies to navigate roads and make driving decisions without human
intervention. These vehicles are expected to improve road safety, reduce traffic
congestion, enhance transportation efficiency, and support smart city
development.

Autonomous vehicles continuously generate and process large amounts of
data from cameras, LiDAR, radar, GPS systems, ultrasonic sensors, and
onboard computing devices. To operate safely and efficiently, vehicles must
exchange information with other vehicles, roadside infrastructure, cloud servers,
and traffic management systems. This communication environment is known as
a Vehicular Communication Network or Intelligent Vehicular Network.
Traditional centralized machine learning approaches require vehicles to upload
raw data to cloud servers for Al model training and analysis. However,
centralized data sharing creates major challenges such as:
 Data privacy risks
« Cybersecurity threats
« Communication delays
« High bandwidth consumption
« Scalability limitations
« Regulatory and legal concerns
Federated Learning provides an alternative solution by enabling distributed
machine learning without transferring raw data to centralized servers. In
federated learning, vehicles train local Al models using their own data and share

only model parameters or updates with a central aggregation system.
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However, conventional federated learning also faces limitations related to
communication overhead, heterogeneous devices, dynamic network conditions,
non-11D data distribution, and high mobility in vehicular environments. To
address these challenges, hybrid federated learning models combine cloud
computing, edge computing, decentralized communication, and adaptive
aggregation techniques.

This research paper examines a Hybrid Federated Learning Model
designed for secure and efficient autonomous vehicle communication networks
and analyzes its architecture, advantages, challenges, and future applications.

2. Objectives of the Study

The major objectives of this study are:

1. To understand the concept of autonomous vehicle communication networks.

2. To examine the role of federated learning in intelligent transportation
systems.

3. To analyze the architecture of hybrid federated learning models.

4. To study the security and efficiency benefits of hybrid federated learning.

5. To identify major challenges in autonomous vehicular communication
networks.

6. To suggest future directions for improving federated learning-based
transportation systems.

3. Research Methodology

This research paper is based on secondary data collected from IEEE journals,

Springer publications, Elsevier research articles, conference papers, books,

technical reports, and reliable online sources related to federated learning,

autonomous vehicles, artificial intelligence, edge computing, and vehicular

communication systems.
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A descriptive and analytical research approach has been used to examine the
working principles and applications of hybrid federated learning in autonomous
vehicle communication networks.

4. Concept of Autonomous Vehicle Communication Networks

Autonomous vehicle communication networks enable vehicles to exchange
information with surrounding systems and infrastructure in real time.

These communication systems support:

« Traffic management

« Collision avoidance

- Route optimization

« Vehicle coordination

« Smart navigation

. Emergency response systems

Autonomous vehicle communication generally includes:

« Vehicle-to-Vehicle (V2V) communication

« Vehicle-to-Infrastructure (V21) communication

« Vehicle-to-Cloud (V2C) communication

« Vehicle-to-Everything (V2X) communication

These networks improve intelligent transportation system efficiency and road
safety.

5. Challenges in Traditional Centralized Learning Systems

Traditional centralized Al learning systems face several limitations in
autonomous vehicle environments.

5.1 Privacy Concerns

Autonomous vehicles collect sensitive information such as:

« Driving behavior

« Location data

« Passenger information
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 Traffic movement

Uploading raw data to centralized servers increases privacy risks.

5.2 High Communication Overhead

Large-scale data transmission from multiple vehicles creates excessive network
traffic and bandwidth consumption.

5.3 Latency Issues

Cloud-based centralized processing may introduce communication delays,
which are unacceptable in safety-critical transportation applications.

5.4 Scalability Problems

As the number of autonomous vehicles increases, centralized systems struggle
to process large volumes of real-time data efficiently.

5.5 Security Risks

Centralized architectures become attractive targets for cyberattacks and data
breaches.

6. Concept of Federated Learning

Federated Learning is a distributed machine learning approach where multiple
devices collaboratively train Al models without sharing raw data.

Instead of transferring data, only model updates or parameters are shared.

The federated learning process generally includes:

1. Local model training

2. Parameter sharing

3. Global model aggregation

4. Model update distribution

This approach improves privacy, reduces communication overhead, and
supports decentralized intelligence.

7. Hybrid Federated Learning Model
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A Hybrid Federated Learning Model combines multiple computing and

communication architectures to improve learning performance and network

efficiency.

The hybrid model integrates:

Edge computing

Cloud computing

Decentralized federated learning

Hierarchical aggregation

Vehicle-to-edge collaboration

This framework enables autonomous vehicles to perform local intelligence

while maintaining secure global learning coordination.

8. Architecture of Hybrid Federated Learning Model

The proposed architecture consists of multiple interconnected layers.

Table 1: Architecture Components of Hybrid Federated Learning Model

Components

Functions

Autonomous Vehicles

Collect sensor data and perform local model

training

Edge Nodes

Aggregate local models and provide low-latency

processing

Roadside Units (RSUs)

Support communication and regional

coordination

Cloud Server

Performs global model aggregation and storage

Communication Network

Enables V2V, V2I, and V2C communication

Security Module

Provides encryption, authentication, and privacy
protection

Federated Learning

Coordinator

Manages training synchronization and model

distribution

33
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9. Working of the Proposed Hybrid Federated Learning System

The hybrid federated learning model operates through several stages.

9.1 Local Data Collection

Autonomous vehicles continuously collect data from:

o Cameras

. LIDAR

. Radar

o GPS systems

« Vehicle sensors

The collected data includes traffic conditions, obstacle detection, driving
patterns, and environmental information.

9.2 Local Model Training

Each vehicle trains its local Al model using onboard computing resources
without sharing raw data externally.

This improves data privacy and reduces network dependency.

9.3 Edge-Level Aggregation

Nearby vehicles send encrypted model updates to edge servers or roadside units
for intermediate aggregation.

Edge computing reduces communication latency and improves local decision-
making.

9.4 Global Aggregation

Aggregated edge-level models are transmitted to cloud servers for global
federated learning model updates.

The cloud server combines local model updates and generates an improved
global model.

9.5 Model Redistribution

The updated global model is distributed back to vehicles and edge nodes for

further training and deployment.
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The process repeats continuously, allowing the system to improve over time.

10. Role of Edge Computing in Hybrid Federated Learning

Edge computing plays a critical role in vehicular federated learning systems.
10.1 Reduced Latency

Edge nodes process data closer to vehicles, enabling faster response times for
safety-critical applications.

10.2 Improved Scalability

Distributed edge processing reduces pressure on centralized cloud servers.

10.3 Better Resource Utilization

Edge computing balances computational workloads across multiple devices and
infrastructure nodes.

10.4 Real-Time Decision-Making

Vehicles can receive updated intelligence more quickly through local edge
aggregation systems.

11. Security Mechanisms in Hybrid Federated Learning

Security is a major concern in autonomous vehicular communication systems.

Table 2: Security Mechanisms in Hybrid Federated Learning

Security Techniques Functions
Data Encryption Protects model parameters during communication
Secure Aggregation Prevents unauthorized access to model updates
Blockchain Technology Ensures decentralized trust and data integrity
Authentication Protocols Verifies legitimate network participants
Differential Privacy Protects sensitive information from inference
attacks
Intrusion Detection Systems Detects malicious network behavior
Federated Averaging Protects aggregation processes from
Security manipulation
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12. Advantages of Hybrid Federated Learning in Autonomous Vehicle
Networks

The proposed hybrid federated learning model provides several advantages.
12.1 Enhanced Data Privacy

Raw vehicular data remains within local vehicles, reducing privacy risks.

12.2 Reduced Communication Cost

Only model parameters are transmitted instead of large datasets.

12.3 Improved Network Efficiency

Edge-assisted aggregation minimizes bandwidth usage and communication
delays.

12.4 Scalability

The distributed architecture supports large-scale autonomous vehicle networks
efficiently.

12.5 Better Real-Time Performance

Low-latency edge processing improves safety-critical decision-making.

12.6 Intelligent Collaborative Learning

Vehicles collectively improve Al model accuracy through distributed learning.
13. Challenges in Hybrid Federated Learning Systems

Despite its advantages, hybrid federated learning faces several challenges.

Table 3: Challenges and Strategic Responses

Challenges Strategic Responses
Non-11D Data Distribution Use adaptive aggregation algorithms
High Vehicle Mobility Develop dynamic communication protocols
Communication Delays Integrate edge computing infrastructure
Resource Constraints Optimize lightweight Al models
Security Attacks Implement secure aggregation and encryption
Model Convergence Issues | Use adaptive federated optimization techniques
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Heterogeneous Devices | Design flexible federated learning frameworks

14. Al and Communication Technologies Used

Several advanced technologies support hybrid federated learning systems.

14.1 Artificial Intelligence

Al enables intelligent decision-making, autonomous navigation, and traffic
prediction.

14.2 5G and 6G Networks

High-speed communication technologies support low-latency vehicular
communication,

14.3 Internet of Things (1oT)

0T devices enable smart sensing and interconnected transportation systems.
14.4 Blockchain Technology

Blockchain enhances security, trust management, and decentralized
communication,

14.5 Edge Intelligence

Edge Al systems provide localized intelligence and real-time analytics.

15. Applications of Hybrid Federated Learning in Autonomous Vehicles
The proposed system can be used in various intelligent transportation
applications.

15.1 Collision Avoidance Systems

Vehicles collaboratively learn traffic patterns and accident risks.

15.2 Intelligent Traffic Management

Real-time traffic analysis improves road efficiency and congestion control.

15.3 Autonomous Navigation

Vehicles improve navigation accuracy through shared learning experiences.
15.4 Smart City Transportation

Hybrid federated learning supports interconnected urban mobility systems.

Volume: 01, Issue: 01, May 2026
37



et

J2AS ) .
=A< Journal of Intelligent Computing and
il Corputs Autonomous System

15.5 Emergency Response Coordination

Vehicles can collaboratively detect accidents and support emergency services.

16. Findings of the Study

The major findings of the study are:

1. Federated learning improves privacy and reduces centralized data
dependency.

2. Hybrid federated learning enhances communication efficiency through edge-
cloud collaboration.

3. Edge computing significantly reduces latency in autonomous vehicle
networks.

4. Security mechanisms such as encryption and blockchain improve network
reliability.

5. Communication overhead and non-11D data remain major challenges.

6. Hybrid federated learning improves scalability and intelligent collaboration
among autonomous vehicles.

17. Suggestions

Based on the study, the following suggestions are recommended:

. Lightweight federated learning models should be developed for resource-
constrained vehicles.

. Strong encryption and authentication mechanisms must be implemented.

. Edge computing infrastructure should be expanded in smart cities.

« Future research should focus on adaptive federated aggregation algorithms.

« Blockchain integration should be explored for decentralized vehicular trust
management.

« Governments should establish legal and ethical regulations for autonomous
Al systems.

« Al models should be trained using realistic vehicular simulation

environments.
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18. Conclusion

Autonomous vehicle communication networks require secure, efficient,
scalable, and intelligent data processing systems to support real-time
transportation decision-making. Traditional centralized Al architectures face
major limitations related to privacy, communication overhead, scalability, and
latency.

Hybrid Federated Learning provides a powerful distributed learning
solution by enabling autonomous vehicles to collaboratively train Al models
without sharing sensitive raw data. The integration of edge computing, cloud
computing, secure communication protocols, and adaptive learning techniques
significantly improves network efficiency, privacy protection, and intelligent
vehicular coordination.

The study reveals that hybrid federated learning enhances autonomous
vehicle communication through secure collaborative intelligence, reduced
communication cost, and real-time edge-assisted processing. However,
challenges such as heterogeneous devices, communication instability, security
attacks, and model convergence still require further research and optimization.
In conclusion, Hybrid Federated Learning represents a promising future
direction for secure and intelligent autonomous vehicle communication

networks and next-generation smart transportation systems.
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