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Abstract - Vehicular Ad-Hoc Networks (VANETS) are used in modern Intelligent Transportation Systems (ITS) for applications such as
vehicle-to-vehicle and vehicle-to-infrastructure communication to enable real-time interactions between vehicles and infrastructure for
navigation, safety, and traffic control. Due to their mobility, dynamic topology and unpredictable traffic, VANETSs do not have any simple
problems with load balancing and congestion control. To overcome these drawbacks and enhance the performance of VANETS by load
balancing and reducing congestion, this study explores the hybrid approach of combining Machine Learning (ML) with Edge Computing.
Edge computing processes data closer to the network's edge to minimize latency and reliance on centralized cloud servers, whilst machine
learning methods such as supervised, unsupervised, reinforcement, and deep learning predict network traffic and optimize routing. Real-
time, adaptive solutions for congestion management, emergency message distribution, accident detection, and dynamic traffic signal
control are made possible by the combination of these technologies. The following case studies demonstrate some of the useful benefits of
hybrid models for improving traffic flow, distribution of resources, and network efficiency. While these methods offer advantages, they
also come with certain drawbacks, such as data privacy concerns and limitations in scalability and diversity of devices. Future research
direction are suggested in the study in order to enhance the scalability, efficiency and adaptability of hybrid systems in VANETS.

INTRODUCTION

To support Vehicular to Vehicular (V2V) and Vehicular to Infrastructure (V21) communications between vehicles and road-side
infrastructure, modern Intelligent Transportation Systems (ITS) need Vehicular Ad-Hoc Networks (VANETS). Road safety, traffic
management, and infotainment and navigation are VANETS' main goals. For the real-time vehicle-infrastructure communication,
VANETSs will be far more significant with connected and autonomous vehicles [1]. These networks can contribute to preventing
accidents by sharing information to monitor traffic, optimize routing, and broadcast collision warnings and emergency alerts. As
the VANETS grow, they are essential for the efficient, safe, and sustainable transportation systems. The management of VANETSs
is challenging particularly in terms of load balancing and congestion reduction. VANETS are hard to communicate with because of
their mobility, frequent network topology changes and variable traffic. VANET congestion, packet collision, delay and network
disruptions are caused by too many vehicles communicating at the same time[2]. In densely populated metropolitan areas, vehicles'
communication range is limited because obstructions and other vehicles might disrupt communication [3]. Load balancing equitably
distributes the network traffic to prevent congestion, which is important for the performance and reliability of VANET. These
networks are complex, and novel solutions to congestion and communication service reliability are needed.

The challenges these problems bring up are spurring the integration of machine learning (ML) with edge computing to boost VANET
load balancing and congestion management. Historical and real-time data can be used to predict and manage traffic flow via machine
learning. Machine learning can be used to optimize routing decisions, dynamically change network resources, and predict network
congestion, either through supervised, unsupervised, or reinforcement learning[4]. Edge computing is used to process data locally,
in the vehicles or roadside equipment, which minimizes latency and reliance on cloud servers. This decentralized method speeds
decision-making and boosts network efficiency, making it more responsive to real-time traffic. The hybrid approach of machine
learning and edge computing to VANET load balancing and congestion control is examined in this research.

The following sections discuss the architecture, applications and load balancing problem of VANET. It covers possibilities of
machine learning to improve traffic management and congestion control, and the use of edge computing to reduce latency and
enhance real-time decision-making. Real world examples of practical applications of hybrid techniques are demonstrated through
case studies and research. Lastly, it covers the limitations, challenges and future research on current systems to enhance the
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efficiency and scalability of VANETS. Structure of the paper: Section 2 describes VANETS' components and uses. In Section 3, the
machine learning technique used in VANETS and the congestion control technique are discussed. The impact of edge computing on
VANET performance in terms of real-time data processing is analyzed in section 4. Section 5 introduces optimized load balancing
and congestion control via hybrid methods combining machine learning and edge computing. The disadvantages of hybrid models
are discussed in Section 6.

2. OVERVIEW OF VEHICULAR AD-HOC NETWORKS (VANETYS)

VANETSs are special type of MANETS for vehicle-to-vehicle (V2V) and vehicle-to-roadside infrastructure (V21) communications.
VANETSs enable vehicle-infrastructure realtime communication to enhance road safety, traffic management and driving. The
significance of VANETS is growing as the vehicles are now becoming more and more connected and autonomous, relying on real-
time data for navigation, collision avoidance, and safety[5].

VANETSs have dynamic topologies due to vehicle movement. It is decentralized and high speed modes shorten communications [6].
Because of the dynamism of VANETS, specific protocols and algorithms are needed for efficient communication, routing and data
transmission. VANETs need good congestion control and load balancing to operate efficiently, especially in intense traffic
conditions, due to their numerous use cases and applications.

2.1 Architecture and Components of VANETS

Vehicular Ad-Hoc Networks (VANETS) have several components presented in Figure 1 that enable communication and data
sharing. The principal communication equipment in Vehicular Nodes (OBUSs) is in VANETS. These technologies enable vehicles
to communicate with one another and with the infrastructure. Through the use of communication hardware, sensors and software,
the OBUs can exchange data in real time. These play an important role in vehicle-to-infrastructure communication [7].

In addition to the vehicles, VANETS require Roadside Units (RSUs) which are stationary communication devices along the route
itself. RSUs are used for the communication between vehicles and infrastructure networks. They also provide traffic updates,
weather and realtime road information. RSUs also collect traffic information and control local traffic lights, which helps to optimize
the network. Data transmission on VANETSs is done by means of Communication Technologies [8]. IEEE 802.11p is used for
vehicular networks to provide low latency, reliable V2V and V2l communication. C-V2X (Cellular Vehicle-to-Everything)
technology is being adopted to enhance the communication between pedestrians and networks that extends beyond vehicles and
infrastructure to provide better pedestrian support. One of the key elements of VANETS is the use of vehicles as “Mobile Nodes”.
Temporary networks are formed by dynamic mobile nodes with other mobile nodes. Vehicles communicate with other vehicles
(V2V) and other infrastructure (V2I) and adjust to changes in network topology. VANETSs are mobile and flexible, network
management, load balancing and congestion control are challenging and rewarding [9].
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Figure 1: Architecture of VANET
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2.2 Applications of VANETS

The possible applications of VANETS can be grouped into safety, convenience and entertainment presented in Figure 2. Safety is
one of the major fields of use of VANETS. Vehicles can communicate with each other at low speeds and about their intentions to
avoid collisions through collision avoidance, helping to prevent an accident. Another important aspect is emergency vehicle
warnings, which can be provided by VANETS to surrounding cars, thus allowing them to move out of the way and minimizing the
risk of delays [10]. Further, traffic signal warning messages are also important in the reduction of accidents, as vehicles can be
alerted about a red light or stop sign, and avoid traffic signal violations. VANETS are also used in traffic management for real-time
traffic information, enabling vehicles to share information like traffic congestion, road closures, and accidents, which helps drivers
make informed decisions about their routes. Another critical application is adaptive traffic signal control, in which roadside units
(RSUs) are placed on the roadside to collect traffic flow data and use the information to dynamically control traffic signal durations
for enhanced overall traffic efficiency and reduced congestion [11]. The VANETS also improve the infotainment of the occupants
of vehicles. With in-vehicle entertainment, passengers can access various content such as music, movies, and games, enriching their
travel experience. In addition, roadside units offer internet connectivity to passengers while they are traveling, thus enhancing
wireless connectivity and making the ride more enjoyable.
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Figure 2: Applications of VANET

Finally, VANETS can be used in the realm of autonomous driving to facilitate cooperative driving of autonomous vehicles. This
capability enables cars to communicate with each other, coordinate their actions, improve traffic flow and minimize energy use, all
to enhance safety and efficiency in transportation. The applications highlight the transformative capabilities of VANETS, and play
an important role in the evolution of smart, connected and safer transportation [12].

3. MACHINE LEARNING APPROACHES FOR LOAD BALANCING AND CONGESTION CONTROL IN VANETS

In VANET, ML has been getting more and more popularity to enhance load balancing and congestion control. The high mobility,
dynamic topology and unpredictable traffic in VANETS pose a challenge for traditional networking methods to deal with congestion.
Machine learning is able to change as a response to these barriers based on historical data and current network situation [13].
Machine learning can be used to enhance various VANET traffic prediction, congestion forecasting, routing and load distribution
processes to improve network efficiency and reliability.
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3.1 Types of Machine Learning Algorithms Used in VANETS

VANET load balancing and congestion control are implemented using several machine learning algorithms. They are supervised,
unsupervised, reinforcement and deep learning algorithms presented in Figure 3. In situations where the VANET application needs
to forecast traffic density, optimize routing or group traffic, the advantages of these techniques vary[13].

e Supervised Learning: It is a learning process in which a model is trained using labelled data to make predictions. It is often
used to predict traffic and congestion using previous data.

e Unsupervised Learning: Learns from unlabeled data by detecting patterns or clusters. Usually it is used to group vehicles
with similar traffic patterns or behaviours together for network traffic.

e Reinforcement Learning: Decision making through adaptive learning with rewards and penalties. It is used in VANETS to
provide dynamic routing and load balancing, as it adjusts to network conditions in real-time [14]. Machine learning is a
type of learning in which neural networks analyze complex patterns in large volumes of data, a process known as deep
learning. Extracting patterns from the traffic flow or network congestion in a large amount of data may be done by deep
learning and could be useful for prediction.

Machine learning is used to manage traffic and congestion in VANETS for the best performance of the network. Supervised learning
system is the best approach for traffic congestion prediction and flow improvement. They can predict traffic jams and identify traffic
congestion by learning from labeled data containing past traffic information like vehicle speed, position and directions. These things
are typically performed using decision trees, SVMs, and neural networks. The supervised learning model can predict traffic state
according to the vehicle speed and position, and adjust the routing decision ahead of time to alleviate traffic congestion [15]. The
successful integration of these models into traffic light management systems can optimize the timing and avoid traffic jams.

Machine Learning Approaches for Load Balancing and Congestion Control in VANETs
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Figure 3: Types of Machine Learning Algorithms Used in VANETS
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Last but not least, VANETSs are increasingly using deep learning techniques like CNNs and LSTM networks for congestion
forecasting. By analyzing data from vast traffic flows, vehicle speeds, and locations, deep learning models could detect intricate
patterns and forecast congestion. Moreover, deep learning can be used to predict traffic incidents, accidents and road closures,
enhancing the efficiency of VANETS and traffic management. VANETS can be more flexible with respect to traffic conditions
thanks to deep learning, which can enhance driver safety.

4. EDGE COMPUTING IN VANETS

The mobility and dynamism of the Vehicular Communication (VC) are overcome using edge computing in Vehicular Ad-Hoc
Networks (VANETS). Old cloud computing infrastructure has been pushing data from vehicles to infrastructure to large centralized
computers, which results in latency and delays. This is where edge computing can come in handy, as it can process data at or near
the source, like within a car or RSU. By computing at the "edge" of the network, edge computing processes important data, such as
vehicle speed, location and traffic data, without cloud servers in real time [16]. Latency is minimized in VANETS by using edge
computing. For collision avoidance, emergency vehicle warnings, and adaptive traffic signal control, data can be processed faster
thanks to its short distance. A collision is detected when a vehicle has a collision danger, it can process the data locally and
communicate with other vehicles nearby to help decrease the likelihood of an accident [17]. In real time, RSUs can process traffic
data to enable quick signal timing adjustments, enhance traffic efficiency and reduce congestion.

The concept of edge computing involves shifting the data processing away from the cloud towards edge nodes such as RSUs or
vehicle-mounted devices, which enhances the load distribution in the VANET. Local processing makes the best use of network
resources, minimizes congestion, and enhances vehicle-infrastructure communication. The edge provides the flexibility to handle
communication and data processing needs, thereby optimizing the utilization of resources based on evolving traffic patterns in the
network. In congested areas, where networks are often densely populated with numerous devices, edge computing plays a crucial
role in providing adaptive network load control and ensuring smoother network operations [18].

VANET edge computing is based on the RSUs and mobile edge devices such as cars. Roadside nodes strategically placed or in
automobiles can capture, process and transmit real-time data. RSUs transfer communications between vehicles and infrastructure
and aggregate and analyze local data to aid traffic control and load balancing. Edge nodes can be vehicles that have local processing
capabilities and communicate with each other and the RSU to manage traffic and routing optimally. By spreading the computing
power among many edge nodes, VANETS are more resilient and adaptive to the dynamic environment, resulting in improved
performance and user experience. By leveraging edge computing, VANET can manage data in real-time, minimize latency, and
distribute the load efficiently. Connected car systems operate more efficiently with improved speed of decision-making, traffic
management and safety features [19]. To fully realize the potential of Edge Computing in VANETS, several challenges need to be
addressed, such as handling the scalability of the edge nodes, ensuring seamless communication in dynamic environments, and
dealing with diversity among the devices. However, with all these challenges, edge computing plays a critical role for ITS.

Table 1: Benefits and challenges of edge computing

Aspect Benefits Challenges

By processing data locally at edge nodes (RSUs or Network Mobility: The high mobility of vehicles and
vehicles), edge computing reduces the time taken to frequent changes in network topology make it difficult for

Reduced L C _— .
Latenc make decisions and send alerts, which is critical for edge nodes to maintain stable and consistent
y real-time applications like safety alerts and traffic communication, leading to challenges in processing and
management. routing data efficiently.
. . Device Heterogeneity: VANETS involve a wide range of
Edge computing offloads data processing from . . g . y . - g
Improved . devices with varying computational capabilities (vehicles,
central cloud servers to local nodes, preventing . .
Network . . ..~ RSUs, edge nodes), which can create challenges in
- congestion in the core network and ensuring efficient N . . .
Efficiency coordinating and managing these diverse devices

use of bandwidth and network resources. .
effectively.

Adaptiye Load Edge computing allows for dynamic load balancing Scalability Issues: As the number of vehicles and RSUs
Balancing by managing traffic locally and adjusting resources increases, the demand for edge computing resources
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Aspect Benefits Challenges

based on real-time conditions, ensuring that the grows. Managing a large-scale edge computing system
network can handle varying levels of congestion with sufficient processing power across a vast area
without overloading any single node. becomes complex.

Real-time processing by edge nodes enables better Security and Privacy Concerns: Edge computing

Enhanced . . . requires local data processing, which raises concerns
. traffic flow management, such as adaptive traffic . . .
Traffic i - . about data security and user privacy. Ensuring secure
signal control and route optimization, which reduces L . .
Management communication and preventing unauthorized access to

congestion in high-density traffic areas. . .
g g v sensitive data is a key challenge.

Edge computing allows for scalable systems that can Interoperability: Edge computing systems in VANETS
handle increasing numbers of vehicles and roadside often involve devices from different manufacturers and

Scalability and . . . . o .
y units  without  compromising on  network different communication protocols. Ensuring these

Flexibilit . . . . .
y performance, making VANETs more adaptable to devices can seamlessly interact with each other remains a
growing urban traffic networks. challenge.
. . Limited Processing Power: Edge nodes, especially those
By processing critical data at the edge, the system . . . g g P y .
Improved Lo within vehicles or remote RSUs, may have limited
. can prioritize important messages (e.g., emergency . . . .
Quality . . processing power and storage, which can hinder their
. vehicle alerts, safety messages) and ensure minimal _, . . .
Service (QoS) ability to handle complex computations or large datasets

delay for time-sensitive communications. . - . .
required for real-time decision-making.

Real-Time Data Processing Constraints: Processing
Edge computing enables real-time data processing, large volumes of data in real-time, especially in
reducing delays and improving the overall environments with high traffic, is resource-intensive.
performance of VANETS. Ensuring fast and accurate decision-making without
compromising performance remains a technical challenge.

Real-Time Data
Processing

5. HYBRID APPROACHES: COMBINING MACHINE LEARNING AND EDGE COMPUTING FOR LOAD
BALANCING AND CONGESTION CONTROL

The combination of Machine Learning (ML) and Edge Computing methods is improving VANET load balancing and congestion
control. The models enhance network efficiency, enabling real-time decision-making for traffic prediction and data distribution
through ML, alongside edge computing to process data as it comes in. The effectiveness of hybrid techniques in various applications
is illustrated in case examples. Intelligent traffic signal control: ML models based on the RSU, edge processing to dynamically
manage the traffic signals, reduce congestion and waiting time at intersections [20]. Dynamic route selection with real-time route
changes based on ML-based predictions and edge nodes optimizes packet delivery, trip delays and network load. Hybrid systems
prioritize urgent communications via ML and the edge nodes quickly pass on the messages to enhance emergency response and
road safety.

Edge nodes alert and reroute vehicles in a timely manner, enhancing congestion control and avoiding secondary accidents. ML
models are used to identify unusual traffic patterns in cases of accidents and incidents. Edge computing ensures that local
communication is handled in an efficient way, reducing network overhead and ensuring a more stable flow of communication, while
the selection of appropriate cluster heads by ML will yield significant improvements in the performance of wireless networks. While
edge computing accelerates the communication between vehicles in cooperative autonomous driving, reducing traffic and
congestion, ML predicts vehicle movements and traffic patterns. Hybrid technologies such as ML-based forecasting of RSU
overloads and edge computing-based data traffic optimisation provide efficient redistribution of data traffic and enhance QoS and
prevent network bottlenecks. Last but not least, congestion-aware data offloading employs ML to predict network congestion and
edge nodes for data processing, resulting in lower latency, bandwidth, and resource consumption [21].
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6. CHALLENGES AND LIMITATIONS OF HYBRID APPROACHES IN VANETS

Though the VANET hybrid techniques, incorporating Machine Learning (ML) and Edge Computing, offer several benefits, they
also come with certain drawbacks. Data privacy and security is a significant factor to consider [22]. There's a significant amount of
sensitive information being traded between roadside devices and cars, including vehicle location, vehicles' speeds and traffic
conditions, which makes data breaches more of a risk. When there are edge nodes involved with sensitive data, hybrid systems must
also provide privacy protections for vehicles without sacrificing data-based decision making.

Hybrid systems' scalability is another issue. The real-time data management and processing complexity increases with the growing
size of vehicles and roadside units.The size of vehicles and roadside units increases, making real-time data management and
processing more challenging. It is challenging to scale ML models and edge computing resources for more dynamically sized
VANETS without impacting performance. Efficiency depends on the system being able to process a large number of cars, nodes
and data streams with no delay and without any bottlenecks. Other challenges are integration and network heterogeneity. VANETS
consist of cars with varying computational resources, and nodes with varying processing capacities. The integration of these
heterogeneous devices into a hybrid system needs to be done efficiently with the use of appropriate protocols and coordination.
Communication standards, devices and edge nodes must be interoperable for hybrid techniques.

Challenges with computational power and resource management also exist. The edge nodes of the vehicle or roadside may not have
enough computational power to handle large amounts of data or complex ML models. These limited resources can be utilized
efficiently to prevent possible overload of the nodes and ensure that the decision-making process is real time without a degradation
in performance. Lastly, real-time adaptability and decision-making in hybrid systems are required in VANETS. Because of vehicle
motion, traffic conditions, VANETSs must be able to make decisions rapidly. Ensuring that ML models and edge nodes can swiftly
adapt to new information and make choices without delays is difficult. The system is furthermore complicated by balancing quick
adaptation with real-time decision-making computations [23].

Finally, the hybrid approaches for VANETS are promising but data privacy, scalability, integration, computational resources, and
real-time adaptation should be considered for their successful deployment and widespread adoption.

CONCLUSION

A viable answer to the problems of load balancing and congestion control in vehicular ad hoc networks (VANETS) is to use hybrid
systems that combine machine learning (ML) and edge computing. These methods greatly increase network efficiency, lower
latency, and improve decision-making in dynamic traffic conditions by utilizing machine learning (ML) for traffic prediction and
optimization in conjunction with edge computing's real-time processing capabilities. To maximize traffic flow and resource
utilization, these technologies can be combined to create adaptive solutions for many applications such as congestion control,
emergency message delivery, accident detection, and dynamic traffic light control. Yet, there are some challenges in implementing
hybrid systems on VANETSs. However, challenge areas such as data privacy and security, scalability, integration of heterogeneous
devices, real-time flexibility at edge nodes and limited computational capabilities need to be addressed to make full use of these
technologies. As the number of connected cars and infrastructure components continues to increase, scaling these hybrid systems
with performance and efficiency becomes more challenging. More future work needs to focus on enhancing the integration of
different devices and communication standards, on optimizing the real decision making skills, on establishing robust data privacy
mechanisms and on boosting the scalability of hybrid systems. With these developments, hybrid techniques can greatly aid in the
creation of safer, more intelligent, and more effective transportation systems, opening the door for the widespread use of connected
and autonomous vehicles in urban settings.
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