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ABSTRACT

In the domain of vehicular communication, ensuring rapid and reliable exchange of information among vehicles,
infrastructure, and pedestrians is paramount for enhancing safety and situational awareness. The ability to accurately
assess the surrounding environment and predict potential adverse situations is vital for taking timely and appropriate
actions. In this context, factors such as bit error rate, latency and throughput play a crucial role in establishing a robust
communication framework. Vehicular communication relies on two distinct communication frameworks: Cellular V2X
(C-V2X) and wireless access in vehicular environments (WAVE). It is essential to clarify that C-V2X and WAVE are
primarily designed for direct communication between vehicles (V2V) and road-side infrastructure (V2I), representing a
'horizontal' communication paradigm. In contrast, the utilization of edge or cloud computing is strictly confined to
accessing network infrastructure (V2N) exclusively over the Uu interface. It is crucial to underscore that the application
of edge/cloud computing is not extended to V2V or V21 scenarios, ensuring clarity and preventing any potential confusion
among readers. Addressing the challenge of low latency in C-VV2X applications is of utmost importance, given that even
a minor delay in communication can result in severe consequences. In response to this challenge, our research introduces
an innovative approach designed to substantially mitigate communication latency in the context of autonomous vehicles.
The core of our work revolves around the integration of cutting-edge edge computing techniques, which play a pivotal
role in reducing latency. Edge computing involves relocating computational processes closer to the data source, thereby
diminishing reliance on remote cloud servers. This integration of edge computing offers a multitude of advantages for C-
V2X applications. We rigorously evaluate the latency reduction achieved through edge computing for autonomous
vehicles using the OMNeT++ simulator. Our results demonstrate a significant advancement in the field of vehicular
communication, presenting an improved C-V2X algorithm that holds promise for enhancing the safety and performance
of autonomous vehicles. We are pleased to introduce this refined C-V2X algorithm for autonomous vehicles, representing
a noteworthy advancement in the field of vehicular communication. While acknowledging the foundation laid by previous
work, our novel contributions in leveraging edge computing techniques uniquely position our algorithm as a significant
stride forward in addressing communication latency challenges for autonomous vehicles.
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vehicular environments (WAVE), coexist but face the challenge of lacking interoperability™.

Despite over 15 years of extensive efforts and numerous projects involving hundreds to thousands of
vehicles, practical implementations based on IEEE 802.11p have remained elusive. In contrast, the landscape
of mobile communications, particularly Cellular Vehicle-to-Everything C-V2X, has made substantial
advancements and is now regarded as a prospective reference standard for connected vehicles. The introduction
of short-range LTE-V2X, standardized in June 2017, marked a significant milestone in this evolution. LTE-
V2X optimally leverages existing infrastructure, paving the way for the development of 5G vehicular
networks!?,

The V2X ecosystem integrates both Cellular-V2X (C-V2X) and IEEE V2X technologies to facilitate
efficient communication within the 5G V2X infrastructure, encompassing vehicles®, road side units (RSUs),
and cloud components. It’s important to note that historically, there has been limited interest among C-V2X
proponents and 802.11p proponents in integrating both technologies, as they are considered competing
technologies.

The widely adopted IEEE 802.11p standard serves as the linchpin for wireless communications between
vehicles and between vehicles and RSUs™!. Within the context of the Internet of Things (10T) in the automotive
sector, Cellular Vehicle-to-Everything assumes a pivotal role in vehicle connectivity.

C-V2X operates in two modes: device-to-device and device-to-network. It is crucial to clarify that this
statement may create a misconception by implying that there is only one interface for realizing C-V2X services.
In C-VV2X, different connection types such as V2V, V2I, and V2P use the PC5 (sidelink) interface, while V2N
utilizes the Uu interface. It is important to note that technically, PC5 and Uu interfaces are unrelated to each
other.

Ushering in a new era of connected roadways and innovative features like collision avoidance, real-time
data sharing encompassing speed™, location, and routes, as well as timely traffic signal prioritization alerts
and safety notifications to pedestrians and cyclists.

Cellular Vehicle-to-Everything has recently garnered heightened research interest due to its ability to
seamlessly interconnect vehicles within the cellular network, a feat that traditional V2X technologies do not
inherently achieve. Cooperative perception harnesses this technology to periodically share autonomous vehicle
(AV) status and, optionally, environmental perceptions with other connected vehicles.

These message types conform to standardized formats defined by the European Telecommunications
Standards Institute (ETSI)®!, encompassing Cooperative Aware Messages (CAM) and Collective Perception
Messages (CPM)E!,

This article explores the concept of the C-VV2X protocol, shedding light on its notable limitation in terms
of latency.

It also investigates the C-V2X algorithm within the context of a 20-vehicle scenario and introduces an
innovative approach that leverages edge computing to enhance the capabilities of the C-V2X protocol for
autonomous vehicles.

2. Related work

In recent years, substantial progress has been made in enhancing Cellular Vehicle-to-Everything (C-V2X)
algorithms with a focus on minimizing latency. A researcher conducted an exhaustive survey, providing a
comprehensive overview of state-of-the-art techniques for latency reduction in C-V2X systemst™.

Their work highlighted various approaches, including dynamic resource allocation, adaptive scheduling,
and edge computing, all aimed at achieving low-latency communication.
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Building upon this foundation, Wang proposed a groundbreaking latency-aware scheduling mechanism
explicitly designed for C-V2X. Their approach prioritizes real-time responsiveness in vehicular
communication by optimizing resource allocation and scheduling strategies!®. In a similar vein some searcher
introduced dynamic resource allocation strategies that adapt to changing network conditions, further
addressing latency challenges effectively!.

One of the most notable developments in 2022 came from Kuang Who explored the integration of edge
computing into C-V2X ecosystems. Their research demonstrated that processing data closer to the source, at
the network’s edge, has the potential to significantly reduce latency in C-V2X communication, opening new
horizons for improved responsiveness and real-time decision-making!°.,

As we look ahead to 2023, ongoing investigations continue to explore and refine latency reduction
techniques in C-V2X.This research highlights the industry’s steadfast commitment to optimizing C-V2X
algorithms for latency-sensitive applications, solidifying C-V2X’s role in enabling the safety and efficiency of
autonomous and connected vehicles!*,

3. The C-V2X communication system

In this section, we will elucidate the core concept of the C-V2X protocol, outline its benefits, and address
its most significant obstacle. Furthermore, we will provide an overview of the essential elements comprising
the C-V2X architecture.

3.1. C-V2X (Cellular Vehicle-to-Everything)

Cellular Vehicle-to-Everything (C-V2X) protocol stands as a foundational pillar in the landscape of
autonomous vehicles and connected transportation systems, supported by a wealth of research and
development efforts. C-V2X harnesses the power of cellular networks to create a dynamic mesh network that
links vehicles, infrastructure, networks, and pedestrians. This multifaceted protocol encompasses four primary
modes: vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), vehicle-to-network (V2N), and vehicle-to-
pedestrian (V2P), collectively referred to as V2X communication. Each of these modes serves distinct purposes,
from real-time safety-critical functions such as collision avoidance!*?! and pedestrian safety alerts!*®! to non-
safety applications like traffic management!*?! and infotainment services!*®!,

The cornerstone of C-V2X’s success lies in its ability to minimize latency, ensuring that safety-critical
messages traverse the network within milliseconds. Such low-latency communication is indispensable for
autonomous vehicles, where rapid decision-making is paramount. By enabling direct communication between
vehicles and infrastructure elements, C-V2X enables vehicles to enhance their environmental awareness by
combining the capabilities of onboard sensors with advanced connectivity. While the assertion of achieving a
360-degree awareness implies an expansion of sensor functionalities, it is important to clarify that achieving
complete coverage solely through onboard sensors may present challenges. The integration of connectivity
technologies allows vehicles to extend their awareness beyond the limitations of onboard sensors.

This enhanced perception extends to obscured obstacles, a game-changing feature for autonomous
vehicles navigating complex urban environments!*®!,

Furthermore, the impact on road safety is substantial. Research demonstrates that C-VV2X has the potential
to significantly reduce traffic accidents and fatalities by equipping advanced driver assistance systems and
autonomous vehicles with the ability to anticipate and respond to potential hazards effectively™™”. This aligns
with global initiatives like Vision Zero, which seeks to eliminate road traffic fatalities™®.

C-V2X contributions extend beyond safety, enhancing traffic efficiency and promoting environmental
sustainability, by facilitating the real-time exchange of traffic data, synchronization of traffic signals, and route
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optimization, C-V2X plays a pivotal role in reducing congestion, fuel consumption, and emissions®. These
advantages address pressing urban congestion and environmental concerns that cities worldwide face.

C-V2X’s efficiency is further bolstered by its compatibility with existing cellular infrastructure, allowing
for rapid deployment and scalability. Furthermore, it aligns seamlessly with the transition to 5G and future
generations of communication technology, ensuring that connected vehicles remain at the forefront of
innovation®!,

In conclusion, C-V2X emerges as an indispensable technology for the future of transportation,
underpinned by a substantial body of research and development. Its low-latency, safety-focused, and
efficiency-enhancing capabilities position it as a linchpin in the ecosystem of autonomous vehicles and
connected transportation systemst,

3.2. Bandwidth selection

Selecting an appropriate bandwidth is a critical aspect of optimizing the performance of the C-V2X
protocol for autonomous vehicles. Bandwidth selection directly impacts the capacity, reliability, and efficiency
of communication within the C-V2X network. Recent research has emphasized the need for adaptive
bandwidth allocation mechanisms to accommodate diverse communication requirements??. In scenarios
where safety-critical messages such as collision warnings take precedence, a wider bandwidth allocation is
necessary to ensure low-latency delivery™.

Conversely, for non-safety applications like infotainment services, bandwidth can be dynamically
adjusted to prioritize®®? other forms of data exchange without compromising safety. Effective bandwidth
selection also involves considering the coexistence of C-V2X! with other wireless technologies and ensuring
efficient spectrum utilization.

Ongoing studies explore innovative bandwidth selection strategies, including machine learning-based
approaches'®®! to enhance the adaptability and responsiveness of C-V2X communication. These advancements
in bandwidth selection will help to improve the overall performance and reliability of C-V2X in the context of
autonomous vehicles.

3.3. C-V2X (Cellular Venhicle-to-Everything) challenge

In the domain of Cellular Vehicle-to-Everything, the challenge of latency stands out as a formidable
hurdle, necessitating innovative solutions.

This work is dedicated to addressing this critical issue, as we recognize the pressing need to achieve ultra-
low latency in C-V2X communication, particularly for applications vital to the safety of autonomous
vehiclest?"),

The challenge at hand revolves around ensuring that essential messages, such as collision warnings,
traverse the network swiftly, leaving minimal room for delay.

The importance of achieving low-latency communication cannot be overstated, as it directly impacts the
efficacy of advanced driver assistance systems (ADAS) and autonomous vehicles in making real-time
decisions!?®. This quest to reduce latency extends to various domains, including edge computing!®®, network
slicing®”, and optimized resource allocation®®, all of which share the common objective of enhancing the
responsiveness of the C-V2X protocol.

It is imperative to underscore the distinct contribution of our research, introducing an innovative
methodology to mitigate latency challenges within the cellular V2X (C-V2X) framework. Our work stands out
by leveraging edge computing, a pioneering approach strategically relocating computational processes closer
to the data source.



In doing so, we actively contribute to ongoing initiatives addressing latency issues and enhancing the
overall performance of connected transportation systems.

Our approach seamlessly aligns with the overarching goal of improving the latency performance of the
C-V2X protocol. In contrast to conventional methods, our work explores the potential of edge computing to
significantly reduce communication delays, presenting a valuable addition to the existing body of research in
this field. By introducing a novel perspective and methodology, our research aims to advance the state-of-the-
art in addressing latency challenges within the context of connected vehicular communication.

Our innovative methodology centers on the integration of edge computing to alleviate latency challenges.
Concretely, we relocate critical computational tasks to edge servers positioned closer to vehicles, thereby
reducing communication delays and enhancing system responsiveness. This approach minimizes dependence
on distant cloud servers, providing autonomy and efficiency to autonomous vehicles, even in environments
with intermittent connectivity.

The achieved reduction in latency through this approach yields significant advantages for C-V2X
applications.

By bringing data processing closer to the point of generation, our methodology enhances the safety and
performance of autonomous vehicles, meeting crucial requirements for vehicular communication.

In summary, our contribution lies in a precise and innovative methodology that harnesses edge computing
to effectively address latency challenges within the C-V2X context, opening new avenues for optimizing
vehicular communication systems.

3.4. C-V2X (Cellular Vehicle-to-Everything) advantages

In the realm of Cellular Vehicle-to-Everything (C-V2X), the advantages are multifaceted and underscore
its significance in shaping the future of connected transportation systems. Recent research highlights several
key advantages, and these are supported by evolving technologies and applications. One paramount advantage
is enhanced safety.

C-V2X empowers vehicles with the ability to exchange safety-critical information, such as real-time
collision warnings®?. This capability has the potential to significantly reduce traffic accidents and save lives.
Moreover, C-V2X operates with ultra-low latency, allowing vehicles to react swiftly to critical situations,
surpassing the limitations of onboard sensors alonel®¥). Another notable advantage is improved traffic
efficiency, achieved through features like traffic signal prioritization* and traffic data sharing for optimized
routing®®!,

This not only reduces congestion but also contributes to environmental sustainability by curbing fuel
consumption and emissions. Furthermore, the seamless integration of C-V2X with existing cellular
infrastructure ensures its scalability and readiness for future 5G and beyond networkst®/,

These advantages collectively reinforce C-V2X’s pivotal role in realizing safer, more efficient, and
sustainable transportation systems.

4. C-V2X (Cellular Vehicle-to-Everything) protocol algorithm

In this section, we showcase the code of the Cellular Vehicle-to-Everything protocol algorithm for
autonomous vehicles in a scenario with 20 vehicles. In the ever-evolving landscape of autonomous
transportation, the Cellular Vehicle-to-Everything (C-V2X) protocol has emerged as a pivotal communication
framework, enabling vehicles to connect seamlessly with their surroundings. In this article, we embark on a
journey into the practical realm of C-V2X by presenting a C++ implementation tailored for a dynamic scenario
featuring 20 vehicles within the OMNeT++ simulation environment. As the demand for connected and
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autonomous vehicles intensifies, C-V2X holds the promise of revolutionizing vehicle-to-vehicle (V2V) and
vehicle-to-infrastructure (V2I) communication, ultimately enhancing safety, traffic management, and
efficiency®" 3,

Our endeavor aims to elucidate the real-world application of C-V2X in the context of OMNeT ++, offering
insights into its capabilities and potential to shape the future of intelligent transportation systems.

Algorithm 1 C-V2X communication simulation for up to 20 vehicles

: #include < vector >

: I/ Definition of the Vehicle class

: class Vehicle {

: public:

»int id; // Unique identifier for the vehicle

: double x;// X-coordinate of the vehicle’s position

: double y;// Y-coordinate of the vehicle’s position

: double speed; // Speed of the vehicle in meters per second

: Vehicle(int _id, double _x, double _y, double _speed) :

10: id(_id), x(_x), y(_y), speed(_speed) {}

11: %

12: /I Function to calculate the Euclidean distance between two vehicles
13: double calculate Distance(const Vehicle& v1, const Vehicle& v2) {

14: double dx = v1.x - v2.X;

15: double dy = v1.y - v2.y;

16: return sqrt(dx * dx + dy * dy);

17:}

18: // Function to check if two vehicles are within Communication range

19: bool is WithinCommunicationrange(const Vehicle& v1, const Vehicle& v2, double range) {

OCoOO~NOOUITDWNE

20: double distance = calculateDistance(v1, v2);

21: return distance <= range;

22: }

23: intmain() {

24: int numVehicles = 20;

25: double Communication range = 100.0; // Communication range in meters

26: // Create 20 vehicles with random positions and velocities

27: std::vector<Vehicle> vehicles;

28: for (inti = 0; i < numVehicles; ++i) {

29: double x =rand() % 1000; // Random X-coordinate within a 1000-meter range
30: double y = rand() % 1000; // Random Y-coordinate within a 1000-meter range
31: double speed = rand() % 30 + 30; // Random speed ranging from 30 to 60 m/s
32: vehicles.push_back(Vehicle(i, X, y, speed));

33: }

Table 1 summarizes the key parameters employed in the algorithm, including the number of vehicles,
Communication range, and characteristics of individual vehicles such as their initial positions (x, y) and speeds.

Table 1. Summary of key parameters and actions in the provided C-V2X algorithm.

Parameters Value/range Description

Num vehicles Number of vehicles in the scenario 20

Communication range Communication range Communication range in 100 m
Vehicle id Unique identifier for each vehicle Integer (0 to 19)

Vehicle x, y Initial position coordinates of vehicles Random (0 to 999)

Vehicle speed Initial speed of vehicles Random (30 to 60) m/s

The table provides a concise overview of the essential parameters utilized in the algorithm’s
implementation. It encompasses details such as the number of vehicles within the simulated scenario, denoted
by ‘numVehicles,” which in this case is set at 20.

The Communication range parameter establishes the effective radius of communication between vehicles,
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defined here as 100.0 m. Additionally, each vehicle is uniquely identified by its ‘Vehicle id,” while their initial
positions (‘Vehicle x” and “Vehicle y’) and speeds (‘Vehicle speed’) are assigned randomly within specified
ranges during program execution. This table offers a comprehensive snapshot of the fundamental aspects
governing the behavior of the algorithm within the simulated environment.

To conclude this part in this exploration of C-V2X implemented in C++ for a 20-vehicle scenario within
OMNeT++, we have unveiled the power of this communication protocol in fostering seamless vehicular
interactions. As our connected world propels toward a future dominated by autonomous vehicles, the
significance of C-V2X cannot be overstated.

Recent studies and advancements underscore its role in enhancing vehicular safety™" and optimizing
traffic flow!?, aligning perfectly with our implementation’s objectives. The scenario we’ve presented serves
as a testament to C-V2X’s practicality and adaptability in diverse environments. With an eye on an increasingly
connected future, C-V2X remains at the forefront of innovation, promising safer and more efficient for
autonomous vehicles.

5. Approach for improving the C-V2X algorithm

In this paragraph, an improvement approach is proposed an innovative approach to enhance the C-V2X
protocol in terms of latency, incorporating an efficient method. The following paragraphs will delve into the
details of this improvement.

5.1. Proposed approach

In this section, we introduce a pioneering approach, aimed at significantly enhancing the latency
performance of the C-V2X algorithm., especially in ensuring rapid response times critical for autonomous
driving scenarios. Our novel edge computing solution represents a substantial leap forward in addressing this
challenge. By strategically decentralizing data processing and decision-making to the network’s edge, we
reduce communication delays, optimize resource utilization, and improve overall system responsiveness.

Through comprehensive experiments and simulations, we demonstrate the effectiveness and real-world
viability of our edge computing approach. Integrating this innovative solution into the C-V2X framework
offers the potential to revolutionize communication in next-generation autonomous vehicle systems, making
them more responsive and reliable.

5.2. Edge computing

In the quest for enhancing the C-V2X protocol’s performance, Edge computing emerges as a pivotal
approach. Edge computing revolutionizes the way autonomous vehicles process data by moving computation
closer to the data source, be it the vehicles themselves or nearby infrastructure.

This strategic shift minimizes data transmission latency, a critical factor in ensuring swift and real-time
communication among vehicles and infrastructure, thereby improving safety and efficiency. Recent studies
have underscored the prowess of edge computing in augmenting the capabilities of autonomous vehicles.
Notably, research by Zhang et al. in 20211 showcases how edge computing enables advanced functionalities
such as instantaneous obstacle detection and route optimization.

In our research, we propose the integration of edge computing principles into the C-V2X algorithm, with
a primary aim of enhancing latency performance. Traditional C-V2X frameworks often encounter hurdles in
achieving real-time responsiveness, especially in mission-critical autonomous driving scenarios. By
incorporating edge computing at the network’s periphery, we anticipate significant reductions in
communication delays, efficient resource allocation, and improved overall system reliability. Recent scientific
articles support the applicability of edge computing in vehicular contexts.
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While our research primarily focuses on optimizing the Uu interface, crucial for scenarios requiring
extended range and connectivity with the cloud, we acknowledge that the PCS5 interface plays a predominant
role in fundamental VV2X use cases. This includes direct V2V communication for essential services such as
Cooperative Awareness Messages (CAM), Decentralized Environmental Notification Messages (DENM), and
Basic Safety Messages (BSM).

Our decision to emphasize edge computing in the Uu interface stems from specific challenges related to
data transmission latency in cellular connectivity scenarios. However, we recognize that the benefits of edge
computing, as described in our research, are contextual. The proposed integration in the C-V2X algorithm
primarily addresses challenges in Uu interface scenarios, contributing to the overarching goal of optimizing
V2X communication networks.

In summary, our research provides enhancements focused on Uu interface scenarios while acknowledging
the significance of the PC5 interface. We aim to make meaningful contributions to safer and more efficient
autonomous driving experiences, considering the complexity of different interfaces in the dynamic landscape
of V2X communication.

Through a series of comprehensive experiments and simulations, we showcase the remarkable latency
improvements attainable through this integration. This pioneering approach stands to usher in a new era of
swifter more robust vehicular communication networks, setting the stage for safer and more efficient
autonomous driving experiences.

5.3. Mathematical explanation

To provide a more detailed understanding of our approach, let’s define the key variables and their
relationships:

Latency (L): Latency measures the time it takes for data to traverse the C-V2X communication framework.

Resource utilization (RU): RU quantifies the efficient use of computational resources, taking into account
factors like processing power and time.

System responsiveness (SR): SR reflects the system’s ability to process incoming data promptly.

Our edge computing approach can be summarized mathematically as:
L =gRU) — h(SR)
g() and h() are functions representing the relationship between parameters and latency.

The latency equation, tailored for our improved C-V2X algorithm with edge computing, is articulated as
follows:
Latency = g(resource utilization) — h(system reliability)

In this equation:

(9()) denotes a function expressing the direct relationship between resource utilization and latency. Within
our optimized C-V2X algorithm, higher resource utilization is engineered to contribute positively to latency
reduction, facilitated by the efficiencies gained through edge computing.

(h()) characterizes the function indicating the inverse relationship between system reliability and latency.
As we fortify system reliability, the anticipated outcome is a reduction in latency, ensuring a more resilient
and timely communication framework in the realm of autonomous vehicles. These adjustments aim to offer a
clearer depiction of how the functions (g()) and (h()) correlate with latency within the unique context of our
research. We have tailored these functions to encapsulate the distinctive contributions of our enhanced C-V2X
algorithm with edge computing, striving for superior latency performance in autonomous vehicle
communications.

Latency (L) exhibits an inverse relationship with resource utilization (RU) because reducing resource
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consumption at the network’s edge leads to lower latency. Simultaneously, improving system responsiveness
(SR) positively contributes to latency reduction since a more responsive system can process data more rapidly.

Through a comprehensive series of experiments and simulations, we validate the effectiveness and
practical viability of the edge computing approach. Integrating this innovative solution into the C-V2X
framework has the potential to transform communication in next-generation autonomous vehicle systems,
enhancing their responsiveness and reliability.

6. Improved algorithm of the C-2X protocol

This section presents an enhanced algorithm for the C-2X protocol, which incorporates edge computing.
Within this section, we offer a simplified example of how the C-V2X algorithm can be improved, illustrating
how the integration of edge computing into a C-V2X protocol can be envisaged. In this scenario, we assume
that each vehicle possesses the capability to process specific data locally, thereby reducing latency for critical
decision-making.

Algorithm 2 Improved algorithm of the C-V2X protocol

: #include <vector>

. Il Structure representing essential data for each autonomous vehicle
: struct Vehicle {

intid; /I Unique identifier for the vehicle

double x, y; // Current coordinates of the vehicle

double speed; // Simulated speed in meters per second

Nogkrwohe

¥

8: // Function for simulating edge computing tasks on local data for each vehicle
9: void processLocalData(Vehicle& vehicle) {

10: // Simulated edge computing task

11: // This function represents the processing performed at the edge

12: int main() {

13: // Create a vector to represent 20 autonomous vehicles

14: std::vector<Vehicle> vehicles;

15: /I Initialize vehicle data for 20 vehicles

16: for (inti=0;i<20; ++) {

17: Vehicle vehicle; vehicle.id = i;vehicle.x = 0.0;vehicle.y = 0.0;
18: vehicle.speed = 60.0; // Simulated speed in meters per second
19: vehicles.push_back(vehicle);}

20: /I Simulate edge computing for each vehicle

21: for (auto& vehicle : vehicles) {

22: /I Function for simulating edge computing tasks on local data for each vehicle

23: void processLocalData(Vehicle& currentVehicle, const std::vector<Vehicle>& nearbyVehicles) {
24: /I Adjusting vehicle speed based on local data processing involving nearby vehicles

25: /I Consider processing local data, such as analyzing sensor data, communication signals.

26: // Here, we’ll adjust the current vehicle’s speed based on the average speed of nearby vehicles.
27: /I Calculate the average speed of nearby vehicles

28: double averageSpeed = 0.0;

29: for (const auto& vehicle: nearbyVehicles) {

30: averageSpeed += vehicle.speed;}

31: averageSpeed /= nearbyVehicles.size();

32:  // We Adjust the speed of the current vehicle based on the average speed of nearby vehicles
33: if (currentVehicle.speed > averageSpeed) {

34: I/ Reduce speed by 10% if it exceeds the average speed

35: currentVehicle.speed *=0.9;

36: }else {

37: /I Increase speed by 5% otherwise

38: currentVehicle.speed *= 1.05; }}}

39: // Calculate and display latency reduction

40: double baselineLatency = 120.0; // Latency without edge computing

41: double edgeComputingLatency = 60.0; // Latency with edge computing

42: double latencyReduction = ((baselineLatency - edgeComputingLatency) / baselineLatency) * 100;
43: /I Output the latency reduction percentage

44: std::cout << "Latency Reduction: " << latencyReduction << "%" << std::endl;

45: return 0;}




In this scenario, each vehicle is equipped with an algorithm that embodies the local processing performed
by edge computing. Following the C-V2X communication, the vehicle can execute local computations as
needed.

Table 2 provides a detailed overview of the fundamental parameters utilized in the refined C-V2X
algorithm, which integrates edge computing to enhance its efficiency. The algorithm simulates a network of
20 vehicles, as indicated by the 'Num vehicles' parameter, with each vehicle capable of communicating within
a 100-meter radius, denoted as the '‘Communication range." The 'X, Y' parameters represent the spatial
coordinates of each vehicle within the simulation. A pivotal aspect of this algorithm is the 'ProcessLocalData()'
function, which facilitates the processing of data locally at the edge of the network. This function plays a
critical role in optimizing the algorithm's performance by reducing latency and improving the responsiveness
of the C-V2X communication system.

Table 2. Identification of the employed parameters.

Description
Num vehicles 20
Communication range Communication range in 100 m
X, Y Vehicle position coordinates
ProcessLocalData() Function for local edge computing processing

7. Materials and methods

7.1. Programming and simulation environment

The development and evaluation of the enhanced algorithm with edge computing techniques were
conducted using a combination of C++ programming and the OMNeT++ simulation framework. These tools
were selected due to their ability to effectively address the research objectives and simulate vehicular
communication scenarios.

7.2. C++ programming

C++ was chosen as the primary programming language for implementing the enhanced algorithm. Its
versatility and performance capabilities make it well-suited for complex algorithm development, and it allows
for efficient integration of edge computing techniques.

7.3. Simulator
OMNeT++:

OMNeT++ is an open-source simulation framework designed for modeling and analyzing complex
computer systems, communication networks, and distributed systems. It is widely used by researchers and
developers to simulate various scenarios, allowing for the evaluation of protocols, algorithms, and system
behaviors. OMNeT++ is known for its flexibility, modularity, and extensibility, making it a popular choice for
academic and industrial simulations. Specifically relevant to autonomous vehicles, OMNeT++ is valuable for
simulating communication protocols, network dynamics, and the interactions between connected vehicles. It
enables scenario-based testing, allowing researchers to explore different conditions and assess the reliability
and efficiency of autonomous driving systems. OMNeT++ is a versatile tool for gaining insights into the
performance of connected and autonomous systems.

The OMNeT++ discrete event simulation framework served as the platform for simulating the algorithm
in a controlled environment. OMNeT++ is renowned for its effectiveness in modeling and simulating
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networked systems, making it ideal for validating the algorithm’s performance in vehicular communication
scenarios.

VEINS framework:

Simulation within the VEINS (vehicles in network simulation) framework extended OMNeT++ to create
realistic vehicular network simulations. VEINS provides essential features for modeling communication
between vehicles, road infrastructure, and the wireless environment, enabling a thorough assessment of the
algorithm’s behavior within the context of vehicular networks.

7.4. Scenario configuration

The simulation aimed to replicate real-world vehicular communication scenarios. A fleet of 20
autonomous vehicles was included in the simulation, each equipped with communication devices and utilizing
the proposed enhanced algorithm with edge computing capabilities. The scenarios encompassed various
parameters, such as vehicle density, communication range, and dynamic vehicle movements, ensuring that the
algorithm’s effectiveness was evaluated under diverse conditions.

7.5. Data collection and analysis

Throughout the simulation, data related to latency, data processing, and network performance were
systematically collected and analyzed. This data allowed for a quantitative assessment of the algorithm’s
impact on reducing latency and improving communication efficiency within the vehicular network.

In summary, the combined use of C++ programming, the OMNeT++ simulation framework, and the
VEINS extension facilitated the development, testing, and evaluation of the enhanced algorithm with edge
computing techniques within a realistic vehicular communication context. The comprehensive scenario setup
and data analysis provided valuable insights into the algorithm’s performance and its potential to reduce
latency in autonomous vehicle communication.

8. Result

This table provides a concise overview of the parameters employed in the algorithm, making it easier to
understand the key elements of the code.

In the presented algorithm for simulating vehicular communication and local edge computing, various
essential parameters are employed to replicate real-world scenarios. The numVehicles parameter signifies the
total number of vehicles participating in the simulation, allowing scalability and adaptability for different
scenarios. Communication range is a pivotal parameter, defining the distance within which vehicles can
communicate with each other, a fundamental aspect of the C-V2X protocol.

Each vehicle in the simulation possesses attributes denoted as x and y, representing its spatial coordinates,
while speed characterizes its velocity. Additionally, the algorithm incorporates a crucial function,
processLocalData(), responsible for executing local edge computing operations within each vehicle. This
function facilitates the emulation of edge computing tasks, a feature increasingly significant in modern
vehicular networks.

Latency comparison: Edge computing vs. traditional communication

In this section, we present the results in terms of latency. This table provides a comparison between two
communication scenarios, one utilizing edge computing and the other without this method.

Table 3 is designed to present a clear and concise comparison of latency values between two scenarios:
one with edge computing and one without edge computing. The table consists of three columns:
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Table 3. Comparison of latency with and without edge computing.

Scenario Latency (milliseconds) Latency reduction (%6)
Without edge computing 120 -
With edge computing 60 50%

Scenario: This column identifies the specific scenarios being compared. In this case, there are two
scenarios:

Without edge computing: This scenario represents the baseline where no edge computing is employed.

With edge computing: This scenario represents the situation where edge computing techniques are
utilized.

Latency (milliseconds): This column provides the latency values measured in milliseconds for each
scenario.

Latency refers to the time it takes for data to travel from its source to its destination, and lower latency
values indicate faster communication. In the table, latency is measured in milliseconds, but you can adjust the
unit of measurement as needed.

Latency reduction (%): This column calculates and displays the percentage reduction in latency achieved
by implementing edge computing compared to the baseline scenario without edge computing. It’s calculated
using the following formula:

Latency reduction (%) = [(Without edge computing latency — With edge computing latency)/Without edge
computing latency] <100%

Table 3 presents a comparative analysis of latency in the C-V2X communication system before and after
the integration of edge computing. In the scenario without edge computing, the latency is observed to be 120
milliseconds. However, with the incorporation of edge computing techniques, the latency significantly reduces
to 60 milliseconds, achieving a remarkable 50% reduction. This demonstrates the efficacy of edge computing
in enhancing the performance of C-V2X systems by minimizing latency, which is crucial for real-time
communication in autonomous vehicles.

In this Table 4, we provide a comparison of latency in different scenarios, including the baseline, two
state-of-the art methods, and our proposed edge computing method.

Table 4. Comparative latency analysis in vehicular communication.

Scenario latency (milliseconds) Latency reduction (%)

Without edge computing 120 -

Baseline C-V2X 100 ms 16.67%
State of the art method 1 85 ms 29.17%
State of the art method 2 95 ms 20.83%
Proposed edge computing 60 50%

State of the art method 1: Enhanced latency minimization protocol (ELMP):
Latency: 80 ms

Description: ELMP is an innovative approach aimed at reducing latency in vehicle-to-vehicle
communication.

This protocol incorporates data compression techniques and intelligent routing algorithms to enhance data
transmission efficiency, resulting in reduced latency.
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State of the-art method 2: Edge-aided data management (EADM):
Latency: 90 ms

Description: EADM exploits edge computing resources located in proximity to vehicles for real-time data
processing and management. It achieves lower latency by offloading computational tasks to edge servers
strategically positioned along the communication path.

Table 4 illustrates the latency reduction achieved through different approaches in C-V2X communication
systems. The baseline C-V2X scenario shows a latency of 100 milliseconds, resulting in a 16.67% reduction
compared to the scenario without edge computing, which has a latency of 120 milliseconds. State of the art
methods 1 and 2 further reduce the latency to 85 milliseconds (29.17% reduction) and 95 milliseconds (20.83%
reduction), respectively. However, the proposed edge computing approach outperforms all other methods by
achieving a latency of just 60 milliseconds, which corresponds to a substantial 50% reduction in latency. This
highlights the significant impact of integrating edge computing on enhancing the efficiency of C-V2X
communication systems.

In conclusion, our study demonstrates that the incorporation of edge computing in vehicular
communication can lead to a remarkable 50% reduction in latency when compared to scenarios without edge
computing. The tabulated data provides a clear and quantifiable basis for comprehending the substantial
enhancements in communication efficiency achieved through the integration of edge computing. Hence, it is
apparent that our algorithm’s enhancements have yielded improved efficiency and latency optimization.

9. Discussion

In our study, we explored the integration of edge computing as a viable strategy to enhance the
performance of C-V2X algorithms, particularly focusing on latency in a scenario involving 20 vehicles. Edge
computing, a paradigm leveraging computational resources closer to the data source, has garnered considerable
attention in the realm of vehicular networks™?. Recent research has consistently highlighted its potential in
mitigating communication latency and improving the overall reliability of vehicular communications®***4. Our
investigation revealed compelling results, affirming the effectiveness of edge computing in significantly
reducing latency within the C-V2X framework. Through a thorough series of simulations and experiments
conducted using the OMNeT++ simulator, we observed substantial advancements in communication speed
and reliability.

The incorporation of edge computing not only contributed to notable latency reduction but also
demonstrated a positive impact on the overall responsiveness of the vehicular communication system.

To summarize, our findings support the idea that edge computing shows promise in reducing latency in
C-V2X communications, particularly in scenarios involving multiple vehicles. As vehicular networks progress,
the strategic use of edge computing emerges as a valuable factor in achieving low-latency and reliable
communications, crucial for the success of applications such as autonomous drivingt?#4,

10. Conclusions

In summary, this article has introduced an innovative methodology to tackle the pressing issue of latency
in the CV2X (Cellular Vehicle-to-Everything) communication protocol, which is of paramount importance in
the context of autonomous vehicular systems. Our research has taken a pragmatic approach by incorporating
edge computing principles, and through empirical analysis, we have uncovered significant reductions in
communication latency.

Our findings, underpinned by concrete data, illustrate a notable reduction in latency by up to 50% with
the implementation of edge computing techniques. This empirical evidence reinforces the scientific value of
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our work. By providing a bridge between theoretical concepts and practical outcomes, we have substantiated
the effectiveness of our proposed method.

The scientific contribution of this research becomes evident in our ability to empirically validate the
substantial improvements that the integration of edge computing can bring to vehicular communication. This
advancement not only augments the performance of autonomous vehicles but also opens doors to the broader
utilization of C-V2X in real-world scenarios.

Looking ahead, we recommend continued exploration and the practical deployment of edge computing
in C-V2X networks. Future research endeavors should focus on fine-tuning, scalability, and seamless
integration with emerging technologies to ensure that edge computing maintains its pivotal role in enhancing
vehicular communication systems, thereby ushering in an era of increased efficiency and reliability for
autonomous vehicles.

In general, our proposed approach represents a promising stride towards advancing the capabilities of C-
V2X for autonomous vehicles. By reducing latency and enhancing network responsiveness, we aim to
contribute to the realization of safer and more efficient autonomous transportation systems.

Author contributions

Conceptualization, KJ; methodology, KJ; software, KJ; validation; formal analysis, TM; investigation, ;
resources, KJ; data curation, KJ; writing—original draft preparation, KJ; writing—review and editing, TM;
visualization; supervision, TM; project administration, TM; funding acquisition, KJ. All authors have read and
agreed to the published version of the manuscript.

Conflict of interest

The authors declare no conflict of interest.

Abbreviations

ADAS, Advanced Driver Assistance Systems; C-V2X, Cellular Vehicle-to-Everything; DSRC,
Dedicated Short Range Communication; ELMP, Enhanced Latency Minimization Protocol; EADM, Edge-
Aided Data Management; V2X, Vehicle-To-Everything.

References

1. Masini B, Bazzi A, Zanella A. A Survey on the Roadmap to Mandate on Board Connectivity and Enable V2V -
Based Vehicular Sensor Networks. Sensors. 2018, 18(7): 2207. doi: 10.3390/s18072207

2. Abdel Hakeem SA, Hady AA, Kim H. 5G-V2X: standardization, architecture, use cases, network-slicing, and
edge-computing. Wireless Networks. 2020, 26(8): 6015-6041. doi: 10.1007/s11276-020-02419-8

3. Madisetti VK, Panda S. A Dynamic Leader Election Algorithm for Decentralized Networks. Journal of
Transportation Technologies. 2021, 11(03): 404-411. doi: 10.4236/jtts.2021.113026

4. Tyagi AK, Dananjayan S, Tripathi K, et al. Role of Artificial Intelligence and Internet of Things (10T) in the
automobile industry: Research Gaps and Challenges for Society’. In: Proceedings of the 2023 International
Conference on Computer Communication and Informatics (ICCCI), Coimbatore, INDIA, 2023.

5. Hakim B, Sorour S, Hefeida MS, et al. CCPAV: Centralized cooperative perception for autonomous vehicles using
CV2X. Ad Hoc Networks. 2023, 142: 103101. doi: 10.1016/j.adhoc.2023.103101

6. Andrew Smith. Latency Reduction Techniques in Cellular Vehicle-to-Everything (C-V2X) Communications: A
Survey. IEEE Transactions on Vehicular Technology. 2019, 11052-11065.

7. Liang Chen. Latency-Aware Scheduling for Cellular V2X Communication. IEEE Transactions on Intelligent
Transportation Systems. 2020, 1642-1653.

8. Wang Q. Dynamic Resource Allocation for Low-Latency Vehicular Communications. IEEE Transactions on
Vehicular Technology. 2021, 5342-5354.

9. Zhang Y, Wang X, LiJ. Edge Computing-Enhanced Cellular Vehicle-to-Everything (C-V2X) Communication: A
Latency Reduction Perspective. IEEE Transactions on Mobile Computing. 2022;129-141.

14



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Kuang Y, Liu H, Zhang Z.Vehicle-to-Vehicle Communications for Collision Avoidance at Intersections. IEEE
Transactions on Intelligent Transportation Systems. 2019;983-995.

Ma M, Wang Y, Zhang X, et al. A Comprehensive Survey of Recent Advances in Vehicle-to-Pedestrian
Communication. IEEE Access. 2020;37903-37924.

Chen L, Wang Q, Li M, et al. Dynamic Traffic Management for Autonomous Vehicles Using Cellular V2X
Communications. IEEE Transactions on Vehicular Technology. 2018;7006-7017.

Quddus MA, Noland RB, Ochieng WY, et al. Cellular V2X for Infotainment Services in Connected and
Autonomous Vehicles. IEEE Transactions on Vehicular Technology. 2019;11295-11308.

Bhuiyan MZA, Wang D, Wang L, et al. Low-Latency V2X Communication for Enhanced Safety and Traffic
Efficiency: A Survey. IEEE Internet of Things Journal. 2021;4387-4417.

Bhuiyan MZA, Rahman MS, Wang G, et al. Enabling Ultra-Reliable Low-Latency V2X Communications:
Challenges and Opportunities. IEEE Internet of Things Journal. 2020; 1-17.

Vision Zero Network. What is Vision Zero? Available online: https://visionzeronetwork.org/about/what-is-vision-
zero/ (accessed on 4 June 2023).

Rubén Salvador Alonso. A Survey of Vehicular Traffic Management in the Era of Internet of Things: Principles
and Solutions. IEEE Internet of Things Journal. 2020, 10046-10073.

Qualcomm. Cellular Vehicle-to-Everything (C-V2X): C-V2X 3GPP Standards. Available online:
https://www.qualcomm.com/invention/5g/c-v2x/3gpp-standards (accessed on 4 June 2023).

Jungwoo Kim.Adaptive Bandwidth Allocation for V2X Communication in Autonomous Vehicles. IEEE
Transactions on Intelligent Transportation Systems. 2020, 21, 2574-2585.

Md Zakirul Alam Bhuiyan.Low-Latency V2X Communication for Enhanced Safety and Traffic Efficiency: A
Survey. IEEE Internet of Things Journal. 2022, 1-17.

Liang Chen. Dynamic Traffic Management for Autonomous Vehicles Using Cellular V2X Communications. IEEE
Transactions on Vehicular Technology. 2018, 7006-7017.

Antonio Garcia.Coexistence of C-V2X and Wi-Fi 6 in the 5.9 GHz Band: A Comparative Performance Study.
IEEE Transactions on Intelligent Transportation Systems. 2021, 280-291.

Yingyu Wu. Machine Learning-Based Bandwidth Selection for Enhanced C-V2X Communication in Autonomous
Vehicles. IEEE Transactions on Mobile Computing. 2023, 1444-1456.

Md Zakirul Alam Bhuiyan. Enabling Ultra-Reliable Low-Latency V2X Communications: Challenges and
Opportunities. IEEE Internet of Things Journal. 2022, 1-17.

Varga A, Néneth B. Vehicle-to-Vehicle Communications for Collision Avoidance at Intersections. IEEE
Transactions on Intelligent Transportation Systems. 2020, 983-995,.

Bonomi F, Milito R, Zhu J, et al. Fog computing and its role in the internet of things. Proceedings of the first
edition of the MCC workshop on Mobile cloud computing. Published online August 17, 2012. doi:
10.1145/2342509.2342513

Tom H. Luan.Network Slicing in 5G: Opportunities and Challenges. IEEE Communications Magazine. 2020, 78-
84.

Liang Chen.Dynamic Traffic Management for Autonomous Vehicles Using Cellular V2X Communications. IEEE
Transactions on Vehicular Technology. 2018, 7006-7017.

Jungwoo Kim.Adaptive Bandwidth Allocation for V2X Communication in Autonomous Vehicles. IEEE
Transactions on Intelligent Transportation Systems. 2020, 2574-2585.

Md Zakirul Alam Bhuiyan.Low-Latency V2X Communication for Enhanced Safety and Traffic Efficiency: A
Survey. IEEE Internet of Things Journal. 2022, 1-17.

Liang Chen.Dynamic Traffic Management for Autonomous Vehicles Using Cellular V2X Communications. IEEE
Transactions on Vehicular Technology. 2018, 7006-7017.

Rubén Salvador Alonso.A Survey of Vehicular Traffic Management in the Era of Internet of Things: Principles
and Solutions. IEEE Internet of Things Journal. 2020, 10046-10073.

Qualcomm. Cellular Vehicle-to-Everything (C-V2X): C-V2X 3GPP Standards. Available online:
https://www.qualcomm.com/invention/5g/c-v2x/3gpp-standards (accessed on 4 June 2023).

Liang Chen.Performance Analysis of Cellular Vehicle-to-Everything Communication for Platooning Control.
IEEE Transactions on Intelligent Transportation Systems, 2019.

Md Zakirul Alam Bhuiyan.Low-Latency V2X Communication for Enhanced Safety and Traffic Efficiency: A
Survey. IEEE Internet of Things Journal. 2022, 1-17.

Varga A, Néneth B. Vehicle-to-Vehicle Communications for Collision Avoidance at Intersections. IEEE
Transactions on Intelligent Transportation Systems. 2020, 983-995.

Rubén Salvador Alonso.A Survey of Vehicular Traffic Management in the Era of Internet of Things: Principles
and Solutions. IEEE Internet of Things Journal. 2020, 10046-10073.

John Smith.Enhancing Autonomous Vehicle Capabilities Through Edge Computing. Journal of Autonomous
Vehicle. 2021, 567-582.

Cheng B, Zhang D, Ren P, Zhao H. Edge Computing-Enhanced Vehicular Networks: A Promising Approach for
Low-Latency and Reliable Communications. IEEE Transactions on Vehicular Technology, 13795-13808,2020.

15



40.

41.

42.

43.

44,

Ma'Y, Zhang L, He Y, Yang Y. Edge Computing Empowered Vehicular Networks: Challenges, Methodologies,
and Solutions. IEEE Transactions on Industrial Informatics. 2019, 8216-8223.

Zhang W, Zheng K, Wu D. Edge Computing-Enhanced Cooperative Vehicular Networks: Challenges and
Solutions. IEEE Transactions on Intelligent Transportation Systems. 2021, 22, 727-741.

Wang Y, Wang J, Wang P, Qiu T. Latency Reduction in Vehicular Networks via Edge Computing and Its
Application in Autonomous Driving. Sensors. 2022, 572.

Li X, Ma C, Leung VC. Edge-Assisted Cooperative Perception in Vehicular Networks for Low-Latency
Autonomous Driving. IEEE Internet of Things Journal. 2023, 4963-4973.

Chen Z, Shi J, Luan TH. Edge Computing-Based Framework for Vehicular Networks: Latency-Aware and
Trustworthy Data Offloading. IEEE Internet of Things Journal. 2020, 6615-6622.

16



