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General Introduction

General Introduction

Automated vehicles are vehicles that are able to navigate and operate without
human input. They use a combination of sensors, cameras, and machine learning
algorithms to perceive their environment and take good decisions about where to
go and how to avoid obstacles.
One important aspect of automated vehicles is their ability to communicate with
one hand, other vehicles Vehicle-to-Vehicle (V2V) and on the other hand with
infrastructure Vehicle-to-Infrastructure (V2I) communication. This allows vehi-
cles to share information such as their location, speed, and other important data,
which can be used to improve safety and reduce the risk of collisions with others.
However, the implementation of these technologies also brings new challenges, es-
pecially related to assure continuity of communication despite the very dynamic
environment and collision risk. Overall, while automated vehicles have the poten-
tial to greatly improve safety and efficiency on the road, it is important to carefully
consider the potential risks and challenges associated with their use. ITS addresses
critical life issues such as road safety since they are dedicated to automated vehi-
cles. Their design has attracted significant interest from the research sector and
industry in recent years, but it also comes with many problems.
Indeed, the increase in road accidents and driving fatalities have urged authorities
to look for ways to improve road safety and anticipate dangerous situations. Many
research projects have been conducted in recent years with the goal of proposing
new and innovative mobility solutions that address current societal challenges such
as safety, sustainability, and mobility accessibility. Questions about the impact of
these systems and their real benefit of automated driving and decision systems in
terms of safety remain. Even more when a human operator is increasingly removed
from the driving task, it is critical to be able to ensure that automated driving
systems strictly respect the safety constraints, of the vehicle’s passengers and other
road users.
Autonomous vehicles (AVs) have the potential to greatly assure communication
between the vehicle and Roadside Unit (RSU) through the use of various tech-
nologies such as V2X (vehicle-to-everything) communication, GPS, and LIDAR
sensors. This communication allows AVs to access remote information from mo-
bile objects or fixed infrastructures, which in turn extends the range of perception
and improves its quality. This expanded perception can also help AVs to anticipate
and to predict remote driving behavior and potential risk situations, allowing for
safer and more efficient driving. By connecting AVs with RSU, the overall trans-
portation system can become more efficient, reliable, and safer for all road users.
The focus of our research is on structural analysis and evaluation of the road envi-
ronment through the incorporation of a communication infrastructure via RSUs.
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General Introduction

This thesis is organized as follows: Chapter 1 provides an overview of the back-
ground and research topic, followed by a review of the current state of the art. In
chapter 2, we conduct an examination of the structure of the communication-based
localization (CBL) system to determine its suitability for communication interop-
erability, specifically in regard to V2V and V2I communications. Taking advantage
that offer the RSUs, i.e the potential to improve deficiencies of ad-hoc networks
and enhance network performance in vehicular ad-hoc networks (VANETs). And
given the limitations of relying solely on V2I communications in real-world road
environments, we have studied CBL-infrastructure communication in various node
distributions.
In chapter 3, we present our study’s results and introduce the novel concept of
CBL-Gateway Clustering (Chain Branch Leaf Gateway) and the computation used
to achieve an optimal topology of RSUs, which ensures a high-quality and con-
tinuity of service while addressing isolated nodes and modeling the frame loss
probability.
Furthermore, chapter 4 is dedicated to the examination of local multi-level per-
ception, which is extended to the cluster level.
In chapter 5, we integrate these extended perceptions into our CBL-G communi-
cation structure and system and use them to estimate four collision risks. We first
evaluate the most relevant metrics (TTC, TH, DG, R, RIMUM) which we eval-
uate under scenarios of perfect localization and perception, as well as perception
uncertainty and perfect localization.
In chapter 6, the research work is concluded with an examination of the author’s
research, perspectives, contributions, and scientific impact.
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State of the art

Contents
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.1.1 Automated vehicle . . . . . . . . . . . . . . . . . . . . . . . 20

1.1.1.1 Automation levels for AV (LoA) . . . . . . . . . 20

1.1.2 Vehicular AdHoc Network . . . . . . . . . . . . . . . . . . . 22

1.1.3 Inter-vehicle communication technologies . . . . . . . . . . 23

1.1.4 Communication architectures between vehicles . . . . . . 25

1.1.4.1 Vehicle to Vehicle (V2V) communication . . . . 25

1.1.4.2 Vehicle to infrastructure (V2I) communication . 26

1.1.4.3 Vehicle to everything communication (V2X) . . 27

1.1.5 Nodes organization and road topology . . . . . . . . . . . 27

1.1.5.1 Overview of Clustering Algorithms for VANET
Communications . . . . . . . . . . . . . . . . . . . 28

1.2 Problematic & Research Questions . . . . . . . . . . . . . 31

1.3 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . 33

1.3.1 V2V and V2I Communications Approach VANET . . . . 33

1.3.2 Exploring the RSU Role and Challenges in V2X Com-
munication Systems . . . . . . . . . . . . . . . . . . . . . . . 35

1.3.3 The Collective Perception in Connected and Automated
Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

1.3.4 Safety indicators . . . . . . . . . . . . . . . . . . . . . . . . . 38

1.3.4.1 Distance-based indicators . . . . . . . . . . . . . . 39

18



1.3.4.2 Probabilistic based collision estimation meth-
ods . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

1.3.5 Discussion of the literature on risk estimation indicators 45

1.4 Research Scope & Objectives . . . . . . . . . . . . . . . . 47

19



1.1. BACKGROUND

1.1 Background

1.1.1 Automated vehicle

Automated vehicles are vehicles that use a combination of advanced technologies
such as sensors, cameras, radars, and artificial intelligence algorithms to perceive
the environment, take decisions, and navigate roads safely. Automated vehicles
have the potential to revolutionize the way we travel and transport goods by
reducing traffic congestion, improving safety, and providing more efficient and sus-
tainable mobility solutions. However, there are also challenges that need to be
addressed, such as ensuring the security and privacy of data generated by auto-
mated vehicles, developing effective regulations and policies, and building public
trust in this technology. Despite these challenges, automated vehicles are poised
to play an increasingly important role in shaping the future of transportation.
Many studies, including (Hallerbach et al., 2018; Rahman et al., 2018), have en-
deavored to prove the effectiveness of connected vehicles (CVs) in improving traffic
safety. The concept of connected vehicle is defined by the U.S. government’s: The
National Highway Traffic Safety Administration (NHTSA) in the paper of (Na-
tional Highway Traffic Safety Administration, 2019) and according to the Society
of Automotive Engineers (SAE), vehicles containing connected vehicle technolo-
gies allows them to be more autonomous, productive, efficient and responsive to
consumer demand.

1.1.1.1 Automation levels for AV (LoA)

To define autonomous vehicle automation, the SAE categorized the spectrum
ranges from level 0 to 5 (from no automation to fully autonomous vehicles).
Autonomous vehicles are classified into 6 levels of automation illustrated in Figure
1.1, from level 0 (no automation) to level 5 (in research, complete self-driving);
the level currently available is level 2 (partial automation with drivers who keep
control).
France has announced that it will amend its highway code to reflect (United Na-
tions Economic Commission for Europe (UNECE) changes, while the United King-
dom says Level 3 applications will be allowed on the road by the end of 2021. All
countries will comply with the rules listed above.
In the US, the main problem is achieving consistency across all states, with each
state and city taking its position on autonomous testing. It is unlikely that the
deployment of Level 3 applications can be controlled by individual states, as cus-
tomers would find it unacceptable if a major selling point of the vehicle were
unavailable in their state. This would also cause problems if the car’s operation
had to be changed when it crossed state lines. Harmony is required to bring Level
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3 applications to the US. However, NHTSA does not indicates that this is on the

Figure 1.1: The Level of Automatization (LoA) of AVs defined by NTSHA

near horizon. Highway autopilot (a Level 3 technology) will be permitted on the
roads starting in "2025+," along with fully automated safety features. Thus, it is
unlikely that the U.S. will see high levels of private autonomy on the road anytime
soon. This is also reflected in IDTechEx’s "Autonomous Cars, Robotaxis and Sen-
sors 2022-2042" forecast, with the U.S. not entering the market until 2025, up to
3 years behind other regions (Jeffs, 2021).
Tesla’s Full Self Driving (FSD) is particularly sophisticated and advanced. The
latest FSD update warns that the driver must always maintain control of the ve-
hicle with his or her hands on the wheel. Tesla’s FSD is an example of a Level
3 vehicle in waiting. It might be technically capable of achieving these levels of
operation, but current legislation prevents it from doing so (Jeffs, Sep 17, 2021).
As a result, numerous research projects such as "CarTALK2000" (Borgonovo et al.,
2003), "COOPERS" (Frotscher, 2008) and "SAFESPOT" (AZIONI, 2007) rise up
from this need to study issues related to safety and design of cooperative systems
for optimized road traffic. This projects took advantage of the rapid advances in
wireless technologies that enable vehicular communications.
Thus, the exchange of data between nearby vehicles is made possible by the short
distance of the links created spontaneously as the need arises. Vehicles in motion
can form networks on the fly without pre-installation of infrastructure (Sharma
and Nidhi, 2019).
These self-organizing networks known as vehicular ad hoc networks or VANETs
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Figure 1.2: A Vanet elements environment presentation

have emerged as a specialization of MANETs. Their flexibility and low deployment
cost make them attractive. In addition, VANETs offer the possibility of innova-
tive applications that will ensure road safety and improve the lives of drivers and
passengers.

1.1.2 Vehicular AdHoc Network

Vehicular Ad-Hoc Network (VANET) are part of Intelligent Transportation Sys-
tem (ITS). The VANET environment is made up of drivers, traffic, roads and
technologies and the problems we find are related to safety and traffic. We illus-
trated it in figure 1.2. Their mobile nodes, also called On Board Unit (OBU), are
embedded in vehicles that move in a road network. They are, therefore, subject to
mobility constraints: the configuration of the road network, its traffic rules, and
the characteristics of the road traffic (Um, 2020). The authors of (Gerla et al.,
2006), defined VANET that allows inter-vehicular communication in a continuous
way in a mobile environment whose topology is dynamic.
According to (Parrado and Donoso, 2015; Sathya Narayanan and Joice, 2019;
Wang, Liu, and Kato, 2019; Tripp-Barba et al., 2019; Zekri and Jia, 2018), a
VANET is characterized by:

1. A very dynamic topology: Speed and path choice define this.

2. Frequent disconnection from the network: every 5 seconds or so, nodes re-
quire another link.
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3. Interaction with built-in sensors: Sensors help to find nodes and the nature
of their movement.

4. Mobility prediction: the need to know the position of other nodes and their
movements to stay connected with them, which is very difficult to predict
when nodes are moving.

1.1.3 Inter-vehicle communication technologies

Automated driving goes hand in hand with improved communications between
the entities that make up the system: (cooperative vehicles, equipped highways).
For Inter-vehicle communication technologies, DSRC and LTE-V are already two
major standards in the automotive network community. On one hand, DSRC has
the characteristics of short distance and low delay. Still, it has limitations in the
high-speed autonomous driving scenario, and it is necessary to add Roadside Unit
(RSU). It supports communication between nodes with a distance of up to 1000
meters with a speed of 200 km/h.
In the United States, a frequency band (5.850 - 5.925 GHz) was reserved for
vehicle-to-vehicle communications in 1999. In Europe European Telecommunica-
tions Standards Institute (ETSI), has allocated a similar frequency band (5.855 -
5.925 GHz) since 1990 (DTR/ITS, 2009; RTS/ITS, 2015). We present a summary
of the characteristics of the most used technologies in table 1.1.

The integration of automated driving with improved communication among
various entities, including cooperative vehicles and equipped highways, is a cru-
cial aspect of the autonomous vehicle system. There are two major standards
in the automotive network community, namely DSRC and LTE-V, that are used
for Inter-vehicle communication(Frenzel, 2017). DSRC has the advantage of short
distance and low delay, but it has limitations in high-speed autonomous driving
and requires the use of Road Side Units (RSUs). On the other hand, LTE-V uti-
lizes existing cellular infrastructure for broader coverage and better support for
high-speed travel(Cecchini et al., 2017; Zekri and Jia, 2018). LTE-V2X, which
stands for Long-Term Evolution for Vehicle-to-Everything, does not require the
use of RSU. Unlike DSRC (Dedicated Short-Range Communications), which has
limitations in high-speed autonomous driving scenarios and requires the addition
of RSUs to support communication between nodes, LTE-V2X has the advantage
of reusing existing cellular infrastructure and offering broader coverage and better
support for high-speed travel. This enables direct one-hop communication from
mobile to mobile without the need for RSUs.
The future of which communication technology will dominate the autonomous
vehicle network is uncertain and depends on the roles of governments, telecom
operators, and car manufacturers, as well as regional differences. The NHTSA is
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encouraging the use of IEEE 802.11p WIFI, but the telecommunications industry
is proposing solutions based on centralized cellular systems with subscription fees
(UIT, 2020). The battle between these technologies is ongoing, and it is recom-
mended to have approaches that can be implemented regardless of the technology
used. We present a summary of the characteristics of the most used technologies
in table 1.1
ITS technologies enable communication between vehicles, infrastructure, and pedes-
trians to provide Cooperative Intelligent Transportation Systems (C-ITS) services.
However, the increasing demand for connectivity can negatively impact the relia-
bility of these services, which is crucial for road safety events. A comprehensive
analysis model, as proposed by (Maaloul et al., 2022), can be used to evaluate and
compare the performance of different vehicular communication technologies, such
as LTE-V2X and IEEE 802.11p/ITS-G5, under various environmental conditions.
The findings of the analysis show the trade-offs and limitations of the considered
technologies and highlight the need for understanding their behavior in realistic
environments. The authors recommend the use of adaptive reconfiguration and
density sharing to limit these trade-offs, but further research is needed to improve
this concept. The recent introduction of 5G technology has added more flexibility
in resource allocation, but its impact on Vehicle-to-Everything (V2X) applications
needs to be evaluated.

1.1.4 Communication architectures between vehicles

1.1.4.1 Vehicle to Vehicle (V2V) communication

Vehicle-to-Vehicle (V2V) communication architecture is based on communication
links between OBUs. OBUs work together in a decentralized manner to form an
ad hoc network. As a result, the V2V architecture is modular and adaptable. The
V2V architecture can tolerate the failure of a network node but requires a sufficient
number of nodes on the communication port for communication to occur. This
number of nodes depends on the traffic penetration rate of the communication
system. To operate effectively, the V2V architecture also necessitates the use of
high-performing distributed routing algorithms.
According to the authors of (Zekri and Jia, 2018), the V2V system enables short
and medium range communications between vehicle users, with low deployment
costs and short message transmission with low latency as shown in figure1.3. It
should be noted that the number of nodes directly correlates to the communication
system’s penetration rate in the traffic. Furthermore, the implementation of the
V2V architecture necessitates distributed routing algorithms, the performance of
which is by definition more difficult to predict than that of a centralized architec-
ture.
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Figure 1.3: Vehicle-to-vehicle (V2V) communication architecture

Figure 1.4: Vehicle-to-infrastructure (V2I) communication architecture

Finally, as with the previous V2I solution, the V2V solution will be confronted
with technological evolution and, as a result, with the organization of upgrades of
a fleet of technologically heterogeneous communicating vehicles.

1.1.4.2 Vehicle to infrastructure (V2I) communication

RSUs are used at regular intervals along the road in the Vehicle to Infrastructure
(V2I) communication architecture to communicate with both the infrastructure
and the vehicles. As depicted in Figure 1.4. The central network architecture,
managed by the road manager, optimizes the communication traffic between con-
nected devices.
The deployment cost of RSUs in the V2I architecture is substantial, with instal-
lation costs estimated at approximately 5000$ per terminal (Zhu et al., 2014).
In addition to installation costs, maintenance expenses must also be considered
throughout the life cycle. Authors (Alouache et al., 2017) defines the Communica-
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tion Barriers and among them we find the lack of RSU terminals, the rapid change
of the network topology and the network topology, the variation of the density of
vehicles.
From a communication perspective, a centralized architecture may seem simpler
to establish and operate. However, the management of hardware obsolescence over
large distances is a significant challenge (Silva et al., 2017). Logistical difficulties
such as managing equipment errors and failures, ensuring compatibility between
various ITS applications, ensuring interoperability between older and newer equip-
ment, and maintaining continuous V2I communication services in the event of RSU
failure, all pose challenges to making a centralized architecture feasible (Zekri and
Jia, 2018).

1.1.4.3 Vehicle to everything communication (V2X)

Vehicle to Everything or Vehicle-to-All is a vehicular communication system that
will allow vehicles to exchange information with each other, with infrastructure
and with pedestrians. V2X includes other more specific types of communication
such as: V2V, vehicle to device (V2D), Vehicle-to-Infrastructure (V2I), vehicle to
network (V2N), vehicle to pedestrian (V2P), and vehicle to grid (V2G).
V2I communications only may be inappropriate in some contexts and ineffective
at times in the presence of occasional degraded conditions. While a centralized
approach has the advantage of accuracy and capacity, it requires an infrastructure
with radio access points at regular intervals. It is clear that this could not be
guaranteed, if only for reasons of return on investment, especially in sections of
roads that are generally not very busy.
Moreover, the information passing through the infrastructure may present a risk of
obsolescence compared to a direct V2V communication when the vehicles involved
are close (Zekri and Jia, 2018). In our case, we’re interested in combining the two
systems, V2I and V2V as shown in figure 1.5. In this mode of operation, the two
systems must complement and collaborate in order to ensure service continuity.
The goal is to use the information received from ground infrastructure or neigh-
boring vehicles to refine and improve their own localization, and in some cases,
the V2V system could be an alternative in areas not covered by RSUs.

1.1.5 Nodes organization and road topology

VANETs are decentralized and self-organizing networks that lack a centralized
management and coordination entity in charge of bandwidth management and
contention operations. Furthermore, because VANET nodes are mobile End-to-
end, communication cannot be guaranteed particularly in highway scenarios. An
intermittent connection can cause issues such as packet loss and compromise traffic
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Figure 1.5: Illustration of the Vehicular Communication Architecture showing the
two forms of communication: V2V and V2I

safety. In addition, VANETs is a large-scale network, however, the communication
range of a vehicle is limited, which may also result in a weak connection between
nodes (Bali, Kumar, and Rodrigues, 2014).
Therefore, maintaining a global network topology is essential for a node. Thus, a
flat network topology is no longer efficient for information transmission in VANETs.
To solve this problem, a hierarchical network topology, called clustering, has been
proposed for VANETs. VANET routing protocols are generally categorized into,
V2V and V2I based on the VANET architecture. V2V is categorized on the basis
of information routing and transmission strategies based on topology, position,
and uni-cast, and multi-cast. The literature categorizes routing protocols as either
proactive, reactive, or hybrid.
Another classification is power-sensitive routing protocols and predictive mobility
protocols designed for efficient use of limited resources and improved quality of
service. For centralized control, clustering-based routing (Senouci, Aliouat, and
Harous, 2019; Bao et al., 2020) Topology-based or position-based protocols are
designed for efficient routing with low latency and no congestion (Wahid et al.,
2018).

1.1.5.1 Overview of Clustering Algorithms for VANET Communica-
tions

In self-organizing networks, clustering consists in dividing the network into a set of
geographically close nodes(Sethi and Chand, 2017). Indeed, the authors of (Wang,
Liu, and Kato, 2019) claim that clustering is necessary to achieve the distributed
formation of the VANET hierarchical structure and improve its evolution and re-
liability. Moreover, as a traffic management scheme, the cluster can be used to
reduce traffic congestion, improve road safety, save road space, and make traffic
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Figure 1.6: A cluster type configuration :Diagram of Cluster’s members

more orderly (Louazani, Senouci, and Bendaoud, 2014).
The illustration in figure 1.6, depicts the actors of a cluster: the formation of a
cluster is generally carried out around a node called the cluster head, the other
members of the cluster are considered ordinary nodes (cluster members).
In some cases, there is an intermediate node called a gateway, which is character-
ized by its membership in several clusters and this is used to transmit information
between the clusters of which it is a part. This is an interesting solution for sim-
plifying and optimizing the functions and services deployed in figure 1.6.
According to (Ramakrishnan et al., 2011; Guizani, 2012; Sathya Narayanan and
Joice, 2019), it allows the routing protocol to operate more effectively by re-
ducing control traffic in the network and simplifying the data routing process.
Several clustering algorithms have been proposed and evaluated (Cooper et al.,
2016). However Clustering algorithms can be limited in their ability to handle
high-dimensional data. It can be challenging to determine the optimal number
of clusters for a given data set. These algorithms have different characteristics.
They are designed to satisfy certain objectives depending on the context in which
the clustering is deployed (routing, security, energy conservation, etc.) that are
summarized in table 1.2.
A classification of existing clustering approaches has been established by several
studies, including (Boyinbode et al., 2010; Liu, 2012; Dua, Kumar, and Bawa,
2014; Cooper et al., 2016).
In (Kakkasageri and Manvi, 2014), the authors break down clustering into 3 steps:

1. Division into groups (cluster).

2. Distribution according to mobility, direction, etc.

3. The election of the Cluster Head (CH) according to the used metric.

Clustering protocols for VANETs have been classified into various categories,
including Hierarchical Clustering, Density-Based Clustering, Fuzzy Clustering,
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Position-Based Clustering, ID-based such as DMAC, and energy-based such as
HEED, LEACH, and EECS (Ramakrishnan et al., 2011; Maslekar et al., 2011;
Sathya Narayanan and Joice, 2019; Debnath et al., 2021).
Speed-based clustering algorithms, such as CODE (Zheng, Tong, and Wu, 2017),
use direction and relative speed to select CHs. However, this algorithm may not
be suitable for highly dynamic environments. The ECHS (Banikhalaf and Khder,
2020) introduces conditions such as cluster centralization based and connection
time with its neighbors. However, this algorithm relies solely on CH stability,
which may not be sufficient in highly dynamic vehicle environments.
Distance-based algorithms like D-jump or D allow for flexible clusters, but relia-
bility of estimated distance can be affected by other factors besides signal strength
(Debnath et al., 2021). MC-DRIVE (Maslekar et al., 2011) is a direction-based
clustering algorithm suitable for intersections, but only for simple road topologies.
Several energy-based algorithms have been proposed for balancing the energy con-
sumption and increasing the lifetime of nodes in VANETs (Ramakrishnan et al.,
2011).
LEACH is a distributed proactive protocol with nodes choosing CHs based on
minimum energy spent during communication. TEEN is a hierarchical protocol
with high energy consumption for message transmission. UCS balances energy
consumption but may not be usable in large networks.
Intelligent clustering based on driving patterns is proposed to solve frequent in-
terruptions (Chang and Ning, 2021). CBVANET and AODV-CV are among the
best-known algorithms (Ramakrishnan et al., 2011; Bali, Kumar, and Rodrigues,
2014).
(Guizani, 2012) shows that Clustering is the best strategy to reduce overhead.
AES-based cluster security routing is also proposed (Sharma, Vidwans, and Gupta,
2016).
Mobile Oriented Broadcasting for Inter-Vehicle Communication (MOBIC) and
New Approach for Load Balancing in Mobile Ad hoc Networks (New-ALM) choose
nodes with low global mobility or variance as CHs (Basu, Khan, and Little, 2001;
Souza, Nikolaidis, and Gburzynski, 2010).
K-Means Clustering is a popular clustering algorithm that uses a centralized ap-
proach to form clusters based on the proximity of nodes, K-hop clustering improves
stability (Zhang, Boukerche, and Pazzi, 2011). Stable CDS-Based Routing Pro-
tocol (SCRP) uses the dominate set to form a stable backbone (Togou, Senhaji
Hafid, and Khoukhi, 2016).
CBL (RIVOIRARD, 2018) is a novel approach for routing in ad hoc VANETs,
providing the application layer with a dynamic and stable virtual infrastructure.
CBL enables close communication for data and alert message exchange and man-
agement of the road network.
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Clustering algorithms are an important aspect of VANET communication, as they
help in grouping vehicles with similar characteristics to improve communication
efficiency.
The choice of the best clustering algorithm depends on various factors, such as the
network topology, communication range, traffic pattern, and mobility model.
Some of the most commonly used clustering algorithms for VANETs are the
Density-Based Spatial Clustering of Applications with Noise (DBSCAN), K-Means,
and Hierarchical Clustering. The DBSCAN algorithm is popular for its ability to
identify dense clusters of vehicles, while K-Means is widely used due to its sim-
plicity and efficiency. Hierarchical Clustering is used when the number of clusters
is not known in advance and the relationships between the clusters are important.
Ultimately, the best clustering algorithm for a VANET communication system will
depend on the specific requirements and constraints of the system. It is important
to evaluate and compare different clustering algorithms to determine the one that
best fits the system’s needs.

1.2 Problematic & Research Questions

The present thesis aims to make a significant contribution to the field of coopera-
tive systems and traffic responses by investigating the interplay between traditional
vehicles with human drivers and automated vehicles with automated driving. The
research, conducted in collaboration between the COSYS department of Gustave
Eiffel University and the Laboratory on Perception, Interactions, Behaviours, and
Simulation of Road and Street Users (PICS-L), seeks to answer the following spe-
cific questions:

1. Can the clustering V2V communication model be adapted for use in vehicle-
to-infrastructure (V2I) communications and if so, how can the CBL structure
be adapted to support both V2V and V2I communications? Is the CBL
model appropriate for hybrid (V2V/V2I) communications?

2. In the context of using infrastructure, what role will RSUs play in enhancing
the CBL algorithm when used in a clustering method?

3. How can the CBL vehicular communication structure be used to mitigate
distant risks?

4. Can local perception captured by the onboard sensors of the nodes lead to
a multi-level perception?

5. How will the nodes in the communication system use this data to estimate
collision risk at various levels (local, local extended, branch extended, and
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Table 1.2: Clustering Protocols for VANET Networks
Type Clustering

Protocols
Description Advantages Disadvantages

Energy-
based

HEED,
LEACH,
EECS

Energy-based
protocols to
balance energy
consumption
and increase the
nodes’ lifetime

Increase nodes’
lifetime

May not be suit-
able for large-
scale networks

Hierarchical TEEN high energy
consumption
for message
transmission

Can be effective
in networks with
hierarchical clus-
ters

High energy con-
sumption

Direction-
based

MC-
DRIVE

based on the di-
rection of nodes

Suitable for
intersections
with simple road
topologies

May not be
suitable for
highly dynamic
environments

Speed-
based

CODE based on the rel-
ative speed of
nodes

Uses relative
speed to select
Cluster Heads

May not be
suitable for
highly dynamic
environments

Distance-
based

D-jump or
D

based on the es-
timated distance
between nodes

Allows for flexi-
ble clusters

Reliability of es-
timated distance
can be affected
by factors other
than signal
strength

Dominate
Set-based

SCRP use the Domi-
nate Set to form
a stable network
infrastructure

Enables stable
network infras-
tructure

May not be
suitable for
highly dynamic
environments

Hybrid
(Routing)

CBVANET,
AODV-
CV, CBL

combining
clustering and
intelligent rout-
ing techniques
for improved
communication
efficiency

Can improve
communication
efficiency

complexity
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global)?

6. Which risk indicator is most suitable for multi-level risk estimation when
taking into account all the attributes of the vehicles in question?

The purpose of this research is to understand the adaptability and suitability of
the CBL communication model in cooperative systems and traffic responses, as
well as to identify the role of RSUs and the use of multi-level perception for risk
mitigation. The potential impact of the research is to enhance communication
and collaboration between traditional and automated vehicles for safer and more
efficient traffic flow.

1.3 Literature Review

Before developing a new method, it is necessary to review the existing methods
proposed by the scientific community in the current literature, to understand their
mechanisms and identify their flaws so we can propose a more complete solution
that covers a broader spectrum.
In this chapter’s section, we establish a the state of the art solutions recently
proposed in the field of vehicular networks, beginning with the types of vehicular
communications, then moving on to infrastructure, collective perception and its
use for collision risk estimation, risk indicators and finally the risk estimation
indicators.

1.3.1 V2V and V2I Communications Approach VANET

Several researches have addressed the issue of hybrid aspect in communications
between connected vehicles, indeed the authors (Huang, Lin, and Wu, 2020) pro-
poses to combine V2V communications with V2I communications for the purpose
of offloading VANET data from the base station (BS) of the cellular network to
the RSU using the multi-hop V2V path that can connect with the front or rear
RSU to increase the possibility of offloading VANET data.
In contrast to traditional offloading methods, in which data is only transmit-
ted when a vehicle is within the range of a RSU signal coverage, the volume of
data offloaded is significantly increased through the use of a vehicle-to-vehicle-to-
infrastructure (V2V2I) offloading approach. The stability of the V2V2I offloading
path is measured by the average path lifetime and the average session time, and
can be improved through the utilization of a path recovery mechanism.
However, it should be noted that this study only considers the scenario of a sin-
gle RSU and does not take into account the presence of multiple RSUs, including
overlapping or non-overlapping front/rear RSUs, or the issue of when to switch

33



1.3. LITERATURE REVIEW

between RSU A and RSU B when a vehicle is situated between them. Addition-
ally, the study does not address the lifetime and Quality of service (Qos) of the
path, such as delay time, in the selection of a V2V2I offloading path.
Critical urban events, which occur randomly and require prompt handling by pub-
lic authorities to maintain the smooth functioning of cities, can benefit from the
use of cooperative localization techniques. However, these techniques, which rely
on inter-vehicle communications, can be hindered by the presence of hidden vehi-
cles and limited detection/communication range. Recently, GPS-free localization
based on V2V communication with roadside infrastructure has emerged as a more
accurate alternative. However, existing techniques necessitate communication with
two RSUs to achieve high location accuracy.
The study presented in (Khattab, Fahmy, and Wahab, 2015) proposes a GPS-
free localization framework that utilizes bi-directional time of arrival to localize
vehicles through communication with a single RSU. The authors employ onboard
inertial navigation system (INS) data to enhance the accuracy of vehicle localiza-
tion using Kalman filters. The results demonstrate that the proposed framework
yields a localization error of 1.8 meters, which represents an improvement of 65%
and 47.5% in comparison respectively to GPS-based techniques without and with
the utilization of INS, respectively. Additionally, this accuracy gain reaches 73.3%
when compared to existing RSU-based techniques.
(Kassir et al., 2020) examines a network architecture in which vehicles use V2V
links to form relay network clusters, which in turn connect to one or more RSUs
through V2I links. This cluster-based multi-homing approach offers improved per-
formance in terms of coverage and sharing rate per user, however, it is dependent
on the penetration of V2V-V2I capable vehicles and potential blockages cause by
legacy vehicles that impede line-of-sight based V2V links, such as those based on
millimeter wave and visible light technologies. The study conducts an analysis
of the connection and throughput performance of a typical vehicle on a highway
in free-flowing traffic, investigating its dependence on vehicle density, blockage
sensitivity, number of lanes, and inter-lane heterogeneity. The results show that
even with moderate vehicle densities and penetration of V2V-V2I capable vehi-
cles, such architectures provide significant connection improvements and reduced
per-user rate variability compared to V2I-based networks. It is also shown that
the performance of a typical vehicle improves significantly on a multi-lane highway
compared to a single-lane road. This paper also highlights how network perfor-
mance is affected when vehicles can control their relative positions, by character-
izing the connection-rate trade-off faced by groups of vehicles.
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1.3.2 Exploring the RSU Role and Challenges in V2X Com-
munication Systems

RSUs play a crucial role in V2X communication systems, as they act as interme-
diaries between vehicles and the infrastructure. Over the years, the RSU have
shown their efficiency and relevance in vehicular communication. Indeed scientists
have been able to highlight the importance of RSU incorporation into a connected
vehicle communication environment since RSU does a variety of jobs, including:

• Multi-hop communication (Zhang et al., 2012; Borsetti and Gozalvez, 2010a).

• Downloading content (Yang, Jia, and Xie, 2018; Liu et al., 2013).

• Data management and broadcasting (Viriyasitavat, Bai, and Tonguz, 2010;
Lochert et al., 2007)

• Data aggregation (Bruno and Nurchis, 2013)

• Gaming and streaming (Ferretti and Roccetti, 2009)

• Gateway (Liang and Zhuang, 2012; Marchang, Sanders, and Joy, 2018)

• Vehicle location (Ansari et al., 2013; Khattab, Fahmy, and Wahab, 2015;
Borsetti and Gozalvez, 2010a)

• QoS (Silva et al., 2016; Saleem, Mitton, and Loscri, 2021)

• Real-time assistance (Korkmaz, Ekici, and Özgüner, 2010)

• Routing (Mershad, Artail, and Gerla, 2012; Annese et al., 2011; Borsetti and
Gozalvez, 2010b)

• Security (Lu, Qu, and Liu, 2019; Liao et al., 2013)

In this section we provide and discuss the importance of transforming physi-
cal infrastructure before deploying connected and automated vehicles (CAVs), and
the various roadway infrastructures and issues they pose. It also references various
research studies and articles on the topic, including works by (Rana and Hossain,
2021), (Ansari et al., 2018), (Ou, 2014), (Jeong et al., 2021), and (Wang et al.,
2018).
With the current transportation network, one of the main challenges they high-
light is the deployment of RSUs which are required to support communication and
data exchange between CAVs and the infrastructure. However, the deployment of
RSUs is complex and expensive, and their maintenance and upgrade require con-
tinuous investments. Additionally, the authors (Rana and Hossain, 2021) mention
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the limitations of RSU coverage, as vehicles moving out of the RSU coverage area
may experience communication disruption and loss of information. To overcome
these challenges, the authors suggest the integration of CAVs with advanced com-
munication technologies such as 5G and the development of hybrid RSU-vehicle
communication systems to ensure reliable and continuous communication.
The authors in (Ou, 2014), proposed a VANETs localization scheme that utilizes
RSUs for accurate positioning of vehicles. Vehicles passing within the range of an
RSU communicate with it using beacon signals, and their position is estimated
using either Time of Arrival (TOA) or Time Difference of Arrival (TDOA) mea-
surements. This approach heavily relies on the availability and functionality of
RSUs for accurate localization, which can be a potential limitation. The survey
by (Jeong et al., 2021), found that there are several security and privacy issues
in vehicular networks. They studied and discussed three key areas, including ve-
hicular network architecture, vehicular address auto-configuration, and vehicular
mobility management. The study also discussed the role of the RSU in key man-
agement and privacy, highlighting the potential use of edge computing to perform
public key and certificate operations. For example, an ECD near a RSU could
obtain the public keys of the vehicles in advance, allowing for secure communica-
tion. However, despite these efforts to address security and privacy issues, there is
still a need for further research and development to ensure the secure and private
operation of vehicular networks.
In the work of (Wang et al., 2018), the authors propose a method for improving
the data service mechanism for vehicles outside the coverage area of RSUs. The
authors suggest that when vehicles travel through the RSU’s coverage area, they
can retrieve and cache some of the data elements using Vehicle-to-Infrastructure
(V2I) communication.
However, due to the limited time that vehicles spend within the RSU coverage,
the authors plan to design an efficient data service mechanism for vehicles outside
the RSU coverage using V2V communication. To achieve this, RSUs will assist by
dividing vehicles into different groups, in order to reduce the interference caused
by multiple vehicles broadcasting data items at the same time.
This approach has the potential to improve data services for vehicles outside the
RSU coverage, but it also has certain limitations, such as the need for a well-
designed group division mechanism and the potential for increased communication
overhead due to the division of vehicles into different groups.
In conclusion, despite these limitations, RSUs are still considered an important
component of V2X communication systems, and research is ongoing to overcome
these limitations and improve the effectiveness and reliability of RSUs.
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1.3.3 The Collective Perception in Connected and Auto-
mated Vehicles

The perception of autonomous vehicles is primarily determined by the capability
of their onboard equipment. These equipment are equipped with various sensors,
such as cameras, lidars, and radars, that collect data about the surrounding en-
vironment. The collected data, such as images and other sensory information, is
used by the autonomous vehicle to construct a 3D representation of the environ-
ment. The onboard computer then processes this information to make decisions
regarding the vehicle’s movements, such as braking, accelerating, and steering.
According to the authors (Trabelsi et al., 2022), the quality and accuracy of the
sensory data collected by the onboard equipment is crucial for the effective perfor-
mance of these functions. They present a recent survey on Vision-Based On-Road
Behaviors Understanding. Perception is of great importance for security concerns
in road environments, and connected and automated vehicles (CAVs) can enhance
their perception by exchanging information through V2X communication. This is
known as collaborative or collective perception, which involves using a range of
on-board sensors to detect the environment.
Collective perception provides a more comprehensive view of the surrounding en-
vironment, which improves the safety and efficiency of CAVs. In a cooperative
intelligent transportation system, sharing sensor data, also called cooperative per-
ception, is essential for protecting vulnerable road users. However, limitations such
as limited perception range and restrictions in specific conditions, require future
autonomous vehicles to form an inter-vehicle network to enhance information in-
teraction, perception, and planning capability.
Collective Perception Service (CPS) is a V2X service offered by an ITS station that
enables the sharing of information about its environment with other ITS stations.
This involves providing data about perceived objects and available free space for
safe allocation (European Telecommunications Standards Institute (ETSI), 2020).
However, the exchange of sensor data representations in C-ITS use cases will lead
to increased radio channel load with the increasing bandwidth demand.
Collective perception improves a vehicle’s awareness of its surroundings by extend-
ing its field of view beyond its line of sight. For example, in figure 1.7 Vehicle A
is informed of the presence of Vehicle D through the inter-vehicle communication
network (communication with vehicle B and C), even though Vehicle A cannot
perceive Vehicle D directly through its onboard sensors. vehicle C, B, and A, by
sharing perceived objects among communications, collective perception increases
vehicle’s A awareness of objects out of its vicinity. According to ETSI, collective
perception messages should be generated by vehicles following set rules. The tim-
ing and content of these messages are important for improving CAV perception.
However, excessive message generation could clog communication channels.
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Figure 1.7: Explanatory example of a scenario where extended perception between
vehicles in a V2V communications environment is beneficial

Research of (Thandavarayan, Sepulcre, and Gozalvez, 2020) showed that current
rules result in a high number of CPMs containing information about a small num-
ber of objects, making the communication channel inefficient. The authors pro-
posed a solution to reduce the number of CPMs and improve the reliability of
V2X communication and perception for CAVs. The authors found that reducing
the number of CPMs would lead to more efficient use of the communication chan-
nel.
However, research by (Herbert, Varadi, and Bokor, 2020) showed that running
multiple services on the same channel can negatively impact the quality of the CP
service, suggesting that multi-channel solutions should be explored.
The research by (Shan et al., 2021) showed that a connected vehicle (CV) can
"see" a pedestrian around corners through CPMs received from a RSU. The au-
thors also discussed the processing of CPMs and the trajectory planning within
CAVs. The study highlights the importance of collective perception in enhancing
the perception and safety of CAVs.
However, the limitations of collective perception must also be considered. One
such limitation is the limited perception range of individual sensors, which re-
quires inter-vehicle communication to enhance information exchange, perception,
and planning capabilities.

1.3.4 Safety indicators

The development and deployment of technologies for Advanced Driver Assistance
System (ADAS), and more recently autonomous driving systems and connected
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and automated vehicle applications, necessitates the detection and analysis of the
road environment in its full complexities. Because of the mixed traffic and vehicle
interactions, assessing the level of safety associated with a road situation using
local and dynamic perception maps that include five key components and their
attributes (obstacles, road, ego vehicle, environment, and driver) is insufficient. It
is necessary to construct information and indicators from these perception data
and key components in order to evaluate the risk level of a situation.
The recent survey of (Westhofen et al., 2022), has established a review on the
state of the art of criticality measures, their properties, and their applications in
the context of automated driving. According to (Pinnow et al., 2021) due to lim-
ited movement at the approach level, rear-end collisions are the most predominant
type. It is therefore important to distinguish between internal and approach con-
flicts when considering which indicator is more appropriate.
According to (Ma et al., 2020) the accident types in the Chinese highway are due
to lane change (62%) and rear-end collision (38%). According to Canada, (37%)
rear-end collisions and (18%) vehicle side-slip. Human-driven vehicles, unlike au-
tomated vehicles (which have a perfectly defined perception by sensors), have a
variable perception of the environment due to their cognitive, psychological, and
physiological states. These driver states also influence decision-making.
Communications for AV complete their knowledge of the environment and there-
fore allow for better decision-making with possible anticipation. We rely on the
general definition of risk that is published in the (Monkhouse, Habli, and Mc-
Dermid, 2020) paper. It presents an improved vehicle control model based on
the definition provided by the ISO 26262.0 standard. The automotive risk matrix
describes risk (R) as follows:

R = F(ƒ , C, S) (1.1)

Where f is the frequency of occurrence of a hazardous event, C is the control ca-
pability of the system, and S is the severity of the event. For the risk related
to road situations, the frequency of occurrence of a hazardous event corresponds
to the probability of collision, the control capacity is the existence of avoidance
manoeuvers and the severity is the mortality rate estimated from the Equivalent
Energy Speed (EES).
Existing risk estimates can be broken down into two families: distance-based esti-
mates and probabilistic estimates, we will be discussing them in the two following
sections.

1.3.4.1 Distance-based indicators

The most widely used and well-known safety indicators applied to traffic manage-
ment and collision risk assessment are distance-based indicators. They are defined
by the distance between the vehicles. Among them, the time to collision (TTC)
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and the time headway (TH) is the most frequently used in the literature and are
described as follows:
The time to collision, as it was defined by (Minderhoud and Bovy, 2001) :

TTC(, j) =
Xj − X − Lj

V − Vj
(1.2)

Time to a headway (TH), can be referred to in some scientific papers as inter-
vehicular time (TIV):

TH(, j) =
Xj − X − Lj

V
(1.3)

With Xi (respectively Xj ) the positions and Vi (respectively Vj ) the speed of the
following vehicle (respectively leader), and Lj the length of the leader.
The authors proposed a comprehensive literature review of proximity risk esti-
mates in (Mahmud et al., 2017). They reviewed the exhaustive list of estimates
based on distance, speed, and acceleration in (Muzahid, Fauzi, and Rahim, 2021).
However, these estimates did not account for crash severity due to the relative
dynamics of vehicles.
(Labayrade et al., 2010) proposed a dedicated distance, Dij, to compute the dis-
tance between measurements and clusters in road obstacle detection using multi-
sensor data fusion. According to (Gruyer et al., 2017), this distance considers
uncertainties and headings of uncertainty ellipsoids .
The authors of (Wang et al., 2021) conducted a comprehensive review of surrogate
safety measures, building on previous work (Mahmud et al., 2017; Md Muzahid,
Kamarulzaman, and Rahim, 2020). They also reviewed the use of surrogate safety
measures (SSMs) in various studies to assess the safety of VAs, focusing on finding
specific SSMs for mixed human-driven traffic scenarios.
Additionally, (Mammar et al., 2004) describes The Time-to-Line-Crossing (TLC)
lateral risk estimator is a method used to estimate the risk of a vehicle deviating
from its lane and potentially colliding with another vehicle or an obstacle. It dif-
fers from longitudinal risk estimators, which estimate the risk of a collision based
on the time difference between two vehicles.
The TLC can be either obstacle-oriented or road-oriented. Obstacle-oriented TLC
estimates the risk of collision based on the time it would take for the vehicle to
cross a line marking the boundary of the lane, in relation to a fixed obstacle in the
adjacent lane.
Road-oriented TLC estimates the risk of collision based on the time it would take
for the vehicle to cross a line marking the boundary of the lane, in relation to
the road’s curvature. However, it only provides information about the risk of lat-
eral collision and does not take into account other factors such as the speed of
the vehicle or the presence of other vehicles. Moreover, it is usually designed for
two-dimensional applications and lacks adaptability to various road and vehicle
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types, which might necessitate customization for each scenario. This could re-
sult in significant expenses and time consumption. Also, it may not be suitable
for high-speed objects, as it assumes that the object’s speed remains constant
throughout the measurement. The TLC equation is given as follow:

TLC(Yh, ) =

p

(R)


.

√

√

√

(W − yH).(2 +
(yH =W

Rr
) (1.4)

where yH is the distance from the left (right) front tire to the left (right) lane
boundary, v is the vehicle speed, W is the lane width (typically 3.5 on highways),
and Rr is the radius of curvature of the road.
A human-centered risk assessment algorithm is proposed by (Shin and Yi, 2018)
By considering the human reaction time, the algorithm provides a more realistic
assessment of the risk of collision. And taking into account the vehicle uncertainty
boundary, the algorithm provides a more comprehensive assessment of the risk of
collision. By using V2V communication, the algorithm can more effectively assess
the risk of collision in real time and perform active safety control interventions if
necessary. However, the accuracy of the algorithm depends on the reliability of
V2V communication, which can be affected by a variety of factors, including range,
interference, and network congestion. The accuracy of the algorithm depends on
the accuracy of the vehicle position information, which can be affected by a variety
of factors, including GPS accuracy and sensor errors, and it may not be suitable
for all driving scenarios, such as low-speed urban driving or high-speed highway
driving.
The Stopping Sight Distance (SSD) takes into account the reaction time of the
driver, which is the time it takes for the driver to perceive the obstacle and initiate
the braking process. It also takes into account the braking distance, which is the
distance traveled by the vehicle while the brakes are applied. The braking distance
depends on the speed of the vehicle, the road conditions, and the braking capability
of the vehicle.
The SSD is used in road design and engineering to ensure that the visibility and
clearance distances are adequate for safe vehicle operation and to identify potential
hazards on the road. By knowing the SSD for different speeds, engineers can
determine the safe design speeds for a road, the required stopping sight distances
for intersections and driveways, and the minimum sight distances for curves and
hills. However, it may not accurately reflect actual driving conditions, as it is based
on theoretical calculations and does not take into account real-world variables
such as road slope and tire wear. And SSD only takes into account the driver’s
reaction time and the braking capability of the vehicle. It also does not take into
account other factors such as road conditions, vehicle speed, or the presence of
other vehicles. SSDs are estimated as a function of vehicle speed (V), friction
coefficient (ƒ ), and drivers’ reaction time (t), (Chen and Chen, 2019) as shown in
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Eq 1.5:

SSD =
Vt

3.6
+

V2

254ƒ
(1.5)

Where: V denotes vehicle speed; t denotes drivers’ reaction time; ƒ denotes the
friction coefficient of the pavement.
The first term on the right-hand side of the equation, Vt

3.6 , calculates the distance
traveled by the vehicle during the driver’s reaction time. The value of 3.6 is a
conversion factor that is used to convert the vehicle speed, which is usually given
in kilometers per hour (km/h), into meters per second (m/s). So, dividing V by
3.6 gives the speed of the vehicle in meters per second. Multiplying this by t gives
the distance the vehicle will travel during the driver’s reaction time t.

The second term on the right-hand side of the equation, V2

254ƒ , calculates the
distance required for the vehicle to come to a complete stop based on the friction
coefficient ƒ and the vehicle speed V. The value of 254 is a conversion factor
used to convert the friction coefficient ƒ from units of pounds per ton to units of
Newtons per kilogram. This term increases as the square of the vehicle speed V
and decreases as the friction coefficient ƒ increases. Therefore, a higher speed or a
lower friction coefficient will increase the SSD. In (Labayrade et al., 2010), a ded-
icated Dij distance is presented to compute the distance between measurements
and clusters in a multi-sensor data fusion process for road obstacle detection.
This distance is similar to a special case of the generic Bhattacharyya distance.
While both Bhattacharyya distance and Gruyer distance are used to compare the
similarity of two probability distributions, they are defined differently and can
give different results when used to compare the same sets of data. Bhattacharyya
distance is known for its ability to measure the similarity of two probability dis-
tributions, while Gruyer distance is known for its ability to capture the spatial
distribution of data points. However, the main advantage of this Gruyer distance
is that it takes into account uncertainties and directions of the uncertainty ellip-
soids. The demonstration of this distance is provided in the article of (Gruyer,
2017).
The distance of (Gruyer and Rahal, 2019) is applied in a global perception archi-
tecture with adaptive detection and tracking of static and dynamic obstacles. This
perception step is shared in a set of dedicated Regions of Interest (RoI) surround-
ing an ego-vehicle. In this architecture, inaccuracies and uncertainties in the data
are taken into account.
While a summary of various surrogate estimators is proposed by (Li, Lu, and Xu,
2017) such as TTC, Deceleration Rate to Avoid Accident (DRAC), and Integrated
Conflict Risk Index (ICRI). The latter indicator is used in predictive modeling in
the following cases of lane change maneuvers with intersecting trajectories. These
indicators are calculated as follows:

42



1.3. LITERATURE REVIEW

Deceleration rate to avoid accident (DRAC):

DRACj =
( − Vj)2

2(Xj − X − Lj)
(1.6)

Integrated Conflict Risk Index (ICRI) :

CR =
Æ

TTC2 − DRAC2 (1.7)

However, they applied indicators designed in a one-dimensional way to two-dimensional
situations, translated into a single channel. The choice of these estimators does
not seem to be the most appropriate for the situation.

1.3.4.2 Probabilistic based collision estimation methods

Probabilistic collision estimation methods assess the probability of collision and
its severity based on statistical analysis. (Glaser et al., 2010b) proposed a risk
assessment method for autonomous vehicles that calculated total risk as the sum
of normalized probability functions applied to both Time-to-Collision (TTC) and
Time-to-Intersection-of-Vehicles (TIV). The proposed method provides a useful
tool for autonomous vehicles, as it helps to ensure that they operate safely and
make appropriate decisions in real-world driving scenarios. The method has the
potential to improve road safety and reduce the risk of accidents involving au-
tonomous vehicles, as it takes into account multiple factors that can impact the
risk of collision. However, it is important to note that this method is based on
theoretical calculations and may not accurately reflect actual driving conditions.
Further research and testing may be required to validate its effectiveness and re-
liability in real-world scenarios.
(Demmel, Gruyer, and Rakotonirainy, 2013) used collision probability and sever-
ity functions to evaluate the level of risk in a car-following scenario. The method
focuses on car-following scenarios but does not consider other types of collision
scenarios that may occur on the road. This limits the usefulness of the method in
more complex driving situations.
(Leroy et al., 2021) introduced an adapted risk assessment method based on the
Gruyer distance, considering positional uncertainties due to accelerations. The
Gruyer distance is a well-established longitudinal risk assessment method that
calculates the distance between two vehicles as a function of time and speed. In
this adapted risk assessment method, the positional uncertainties due to acceler-
ations are taken into account when calculating the Gruyer distance. This helps
to more accurately reflect the actual risk of collision in a driving scenario, tak-
ing into account the variability in the acceleration and speed of road users. This
method provides a more comprehensive and accurate approach to risk assessment
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for autonomous vehicles, as it takes into account the effects of positional uncertain-
ties due to accelerations. This can help to better identify and mitigate potential
collision risks, making the method a promising approach for use in real-world sce-
narios. However, RIMUM is inadequate for assessing the risk between vehicles in
specific two-dimensional configurations such as road intersections, highway inser-
tions, highway exits, and traffic circles. Its predictive ability is also limited at the
prediction level. The fatality risk calculated from RIMUM remains at a sufficient
level for non-collision situations while the risks based on TTC and TH are too high
given the configurations.
The proposed method by (Katrakazas, Quddus, and Chen, 2017) provides a com-
prehensive and interaction-aware assessment of the risk of collision based on dy-
namic Bayesian networks (DBNs), considering the motion and behavior of multiple
road users such as vehicles, bicycles, and pedestrians, taking into account their in-
teractions and dependencies. The results of the risk assessment can be used to
inform decision-making by autonomous vehicles or to support driver warnings and
interventions. It is a promising approach to collision risk modeling for autonomous
vehicles. However, it requires significant computational resources and may be dif-
ficult to implement in real-world scenarios. It requires large amounts of data to
train the DBNs, which can be difficult to obtain in practice and may not be suit-
able for real-time implementation.
The proposed method of (Philipp and Goehring, 2019), calculates the collision risk
by considering the distances between the octagonal representation of the vehicle
and the octagonal representations of surrounding road users and obstacles. The
collision risk is then calculated based on the minimum distance between the vehi-
cle and the surrounding road users and obstacles, taking into account the velocity
and direction of each road user.
The analytical approach proposed by (Philipp and Goehring, 2019) provides a
computationally efficient way to assess collision risk, as it only requires simple
geometric calculations and does not require extensive computations. This makes
it suitable for real-time implementation in autonomous vehicles. However, the
method may have limitations in accurately representing the surrounding space,
especially in complex and dynamic road environments with multiple road users
and obstacles. The method also assumes that road users and obstacles follow a
linear motion, which may not always be the case in real-world scenarios.
The adapted risk from Gruyer distance, considering positional uncertainties due
to accelerations, was introduced in (Leroy et al., 2021).
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1.3.5 Discussion of the literature on risk estimation indica-
tors

The Time-To-Collision (TTC) metric is widely used in risk estimation due to its
ability to combine spatial proximity and speed, and is considered reliable. How-
ever, it is only effective in congested environments and unsuitable for measuring
lane change conflicts (Mattas et al., 2020). In low congestion periods like overnight,
it’s inadequate (Charly and Mathew, 2019). In simple two-vehicle scenarios, it can
be used directly from the following vehicle’s perspective (Demmel, 2012). How-
ever, complex representations of driving risk are possible with extended perception
(Eggert and Puphal, 2017).
Limitations of TTC in complex scenes have led to proposed alternatives Time-To-
Closest-Encounter (TTCE), an improved version of TTC that takes into account
factors such as occlusion and dynamic objects. Gaussian and spatial occupancy
probability approach, and survival analysis (Eggert and Puphal, 2017).
Modified Time-to-Collision (MTTC) is the mean time it takes for two objects to
collide, considering various scenarios and conditions. It provides a more compre-
hensive view of the likelihood of a collision over time and is used to evaluate the
performance of collision avoidance systems. On the other hand, TTC is the time
elapsed between the detection of a potential collision and the actual impact. It is
a measure of the immediacy of a potential collision and provides a snapshot of the
situation at a specific point in time.
In summary, while both TTC and MTTC are used to evaluate the risk of a col-
lision, TTC focuses on the immediacy of a potential collision at a specific point
in time, while MTTC considers the average time it takes for a collision to occur,
considering various scenarios and conditions.
Time Integrated Time-to-Collision (TIT), Time Exposed Time-to-Collision (TET)
have the same drawback (Shi et al., 2018). Rear free-flow zone studies also pro-
vide insights (Shi et al., 2018). Indicators for connecting lanes should account for
increased risk near ramps (Shi et al., 2018).
TIT is a measure of the time elapsed between the detection of a potential collision
and the actual impact. In the field of autonomous driving, TIT is used as a critical
metric to evaluate the performance of collision avoidance systems. A low TIT indi-
cates that a collision avoidance system has detected a potential collision early and
has had enough time to take appropriate action to avoid the impact. The faster
the system can detect the potential collision and take action, the lower the TIT
and the higher the level of safety. It shows a good ability to capture individual
crash risk, but only under congested highway conditions (Shi et al., 2018). TET
is unreliable due to advanced video processing/simulation (Yuan et al., 2019; Shi
et al., 2018).
Passing Sight Distance (PSD) and DRAC perform well in free-flow areas. PSD
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takes into account the uncertainty and variability in vehicle speeds and driver re-
action times, while DRAC represents the Deceleration rate to avoid accidents in
a given scenario. DRAC provides a clear and concise measure of the risk of a
collision, which can be used to make informed decisions about how to best avoid
an accident. However, it is only applicable in situations where both vehicles have
the ability to detect and respond to each other, which may not always be the case
in real-world scenarios.
Possibility Index for Collision with Urgent Deceleration (PICUD) considers the
safety margins of a road and the vehicle’s ability to decelerate, providing a more
accurate estimate of the collision risk compared to methods that only consider
relative velocity. However, one of its limitations is that it requires accurate and
real-time information on the vehicle’s velocity and acceleration, which may not
always be available in a vehicular network which makes it not that widely used
and its robustness is questionable (Shi et al., 2018; Kuang, Qu, and Wang, 2015).
The Time-To-Accident (TA) metric is a useful avoidance-based indicator for mea-
suring various conflict types (Ma et al., 2020).
Passage time (H) is a measure of traffic severity, applicable in all traffic envi-
ronments (Mahmud et al., 2017). However, most indicators have mainly focused
on end-of-line or right-angle collisions, with limited studies considering intersec-
tion and diverging collisions (Yang, Ozbay, and Bartin, 2010; Bin, Uno, and Iida,
2003; St-Aubin, 2012). Head-on collisions are rarely measured using this conflict
indicator. (Johnsson, Laureshyn, and Ceunynck, 2018; Tarko, 2018) suggest in-
tegrating important aspects of different environments in an indicator. According
to the conflict model proposed by (Davis et al., 2011), conflicts are caused by ini-
tial conditions and avoidance maneuvers that vary depending on road geometry.
For example, rear-end collisions can occur in a traffic circle, merging on-ramps,
or turning at an intersection. The correlation between observed and estimated
conflicts depends on road geometry, with freeways having the largest variety of
indicators. Indicators for rear-end collisions from similar studies can be used to
determine appropriate indicators.
Responsibility Sensitive Safety (RSS), is a mathematical formulation of the duty
of care in autonomous vehicle (AV) safety. It defines safe and potentially danger-
ous inter-vehicle distances and classifies the responsibility in case of an accident.
Developed by Intel Mobileye(Mobileye, 2018), it considers factors such as reaction
time and maximum acceleration to determine a vehicle’s ability to avoid a colli-
sion. The safe longitudinal distance formulation of RSS can be used as a proactive
safety measure, classifying safe and potentially dangerous situations. One of the
key advantages of RSS is its consideration of additional factors such as the state of
the ego-vehicle, road geometry, and environmental parameters(Chai et al., 2019;
Koopman, Osyk, and Weast, 2019). This makes it a more complete indicator in
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terms of key elements present in a driving scenario. However, it is important to
note that there may be limitations to the implementation of the RSS indicator,
such as the need for precise data input or the potential for it to add complexity
to the driving experience.

1.4 Research Scope & Objectives

The objective of this research is to enhance the communication among entities in
the road ecosystem, such as cooperative vehicles, RSUs, road users, and infrastruc-
ture managers, to facilitate the deployment of automated mobility services. The
thesis focuses on the application of vehicular clustering communication architec-
ture, in the context of autonomous vehicles operating in highway environments.
The aim of enhancing communications among the entities that constitute the road
ecosystem, such as (cooperative vehicles, RSUs, road users, and infrastructure
managers) is to facilitate the robust and efficient deployment of automated mo-
bility services. The access to remote information obtained from mobile objects or
fixed infrastructures and their exploitation can extend the perception range and
thus enhance its quality. Furthermore, this extended perception can contribute to
anticipating and predicting remote behaviors and potentially hazardous situations.
In order to enable the deployment of automated mobility in critical situations and
functions, the estimation of the attributes of three essential "actors" is crucial.
These actors include obstacles, road conditions, and the current state of the ego-
vehicle.
This thesis presents a study on the application of vehicular clustering communica-
tion architecture in the context of autonomous vehicles operating in highway envi-
ronments. The objective is to improve the performance of Vehicle Ad-hoc Network
(VANET) networks by efficiently utilizing the Chain branch leaf (CBL) commu-
nication model. The adaptability and suitability of CBL in cooperative systems
are evaluated with respect to their impact on traffic responses. Initially, the CBL
model is limited to V2V communications. However, the proposed work extends
the CBL model by incorporating Vehicle-to-Infrastructure (V2I) communications
through the use of RSUs. The integration of both V2V and V2I communications
into a single architecture enables the development of a complementary relationship
that leverages the strengths of both communication modes. V2V communication
allows for direct information exchange between vehicles, enabling them to sense
and respond to situations beyond the range of their onboard perception systems.
V2I communication, on the other hand, enables vehicles to receive information
from the surrounding infrastructure, such as traffic signals, road signs, and other
fixed road elements. The combination of V2V and V2I communications results
in a more comprehensive understanding of the road environment and potential
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hazards, leading to a more robust and reliable system for ensuring the safety and
efficiency of autonomous vehicles.
The primary goal of the proposed work, is to evaluate the adaptability of the
CBL-I model to different route configurations in the context of vehicular cluster-
ing communication architecture for autonomous vehicles in highway environments.
The objective is to ensure that the CBL-I model can be integrated into real-world
routes, including the presence of RSUs, in different cases (such as lack of RSu’s de-
ployment or malfunction on some RSU) while maintaining communication between
nodes. The objective is to maintain the transmission of relevant information for
various applications, such as location tracking and security. The evaluation of the
adaptability of the CBL-I model will provide insights into its suitability for deploy-
ment in real-world scenarios, thereby contributing to the development of a robust
and effective vehicular clustering communication architecture for autonomous ve-
hicles.
Another goal of the proposed work is to address the issue of isolated nodes that were
not considered in the original Chain branch leaf (CBL) communication model for
vehicular clustering communication architecture for autonomous vehicles in high-
way environments. This is achieved by introducing a new type of node and imple-
menting a new incremental algorithm, referred to as the CBL-G model. The new
algorithm and node type are designed to address the limitations of the original CBL
model in handling isolated nodes, thereby enhancing the coverage performance of
the CBL-I model. The improvement in handling isolated nodes is expected to
contribute to a more effective vehicular clustering communication architecture for
autonomous vehicles operating in highway environments and guarantee a high in
term of accuracy, certainty, accessibility, availability, and continuity. Moreover,
the quality aspect also is related to the capability to send messages and data in a
constrained time (low delay and latency).
Furthermore, we want to use the resulting architecture and communication strate-
gies that take into account the information of surrounding vehicles, in order to
extend perception and a global risk calculation approach.
In order to effectively implement our proposed solutions, it is essential to have ac-
cess to data pertaining to obstacle detection, road configuration (such as lanes and
markings), and potentially the environment (such as degraded conditions caused
by weather or infrastructure). If this information is limited to a local range, as
obtained from on-board perception systems, then Cooperative Automated vehicle
(CAV) will only be able to perform reactive functions, such as vehicle spacing reg-
ulation and emergency braking. To effectively anticipate and estimate dangerous
situations, it is necessary to consider the concept of global risk, which encompasses
both near and far risks.
To achieve this, different levels of risk will be addressed: (i) the local risk of the
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vehicle, as determined by its onboard perception systems; (ii) the extended lo-
cal risk, estimated by the cluster head using the perception of cluster members;
(iii) the extended branch risk, estimated by the branch using the perception of
adjacent branches (upstream and downstream); and (iv) the global risk, which
considers most of the available information, and is calculated by the branch nodes
using information collected from communications outside the clusters. We use dif-
ferent risk estimators in different scenarios. The use of these metrics will allow
us to quantify and compare the collision risks in different scenarios, providing a
comprehensive evaluation of the performance of the proposed CBL-G in terms of
anticipation and real-time accuracy.
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2.1. INTRODUCTION

2.1 Introduction

The widespread adoption of Autonomous Vehicles (AV)s requires the users (drivers)
to have confidence in their safety, reliability, and compliance. To gain this trust, it
is important for AVs to provide clear explanations for their actions and decisions.
In this Chapter, we aim to address this issue by proposing a solution for effective
V2X communication coordination in critical data routing for cooperative driving
automation applications. We focus on improving both V2V and V2I communica-
tions, through an adaptive and multi-modal approach.
Our solution involves refining the clustering concept originally introduced in CBL
(RIVOIRARD, 2018), to incorporate both V2V communications already present
in the CBL algorithm, and V2I communications enabled through the use of RSUs
along the road side.

2.2 Chain branch leaf model for routing protocol

2.2.1 Chain branch leaf presentation (CBL)

Chain Branch Leaf (CBL) is a highly decentralized algorithm proposed and de-
tailed in the work of (RIVOIRARD, 2018). CBL follows the principle of creating
a hierarchy between communication nodes to build clusters so that each "cluster
member" node in a cluster can communicate directly with a "cluster head" node
through one hop without the need to go through an intermediate node. Each clus-

Figure 2.1: Representation of the functional model of CBL on a three-lane highway

ter in CBL has a centralized architecture, with only the branch node being able
to communicate with other clusters. As a result, CBL distinguishes two types of
nodes: "branch" nodes and "leaf" nodes.
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Both types of nodes send periodic HELLO messages to dynamically build a struc-
ture called a "chain," which connects the "branch" nodes, and thus the clusters,
in each direction, as shown in Figure 2.1 (RIVOIRARD, 2018). The node’s com-
munication range is related to the HELLO message range which is represented in
Figure 2.2. CBL employs a metric known as connection time to construct stable

Figure 2.2: The vehicle communication range representation

chains (CT). This metric measures the time it takes for nodes in the network to
connect and allows nodes to manage the selection of their branch node.
The following are the definitions of "branch" nodes, "leaf" nodes, chain, and con-
nection time:

1. The "branch" node is the cluster head that is elected by the other nodes
(branch or leaf) in its 1-hop neighborhood. It sends HELLO messages like
every other node, but it is the only one allowed to send a Topology Con-
trol (TC) message, transmit request messages, and participate in the chain
construction. By relaying a message, based on the request specified in the
header fields, a "branch" node can send it to :

• Its own leaf nodes;

• Its own upstream branch ;

• Its own downstream branch ;

• Its own branch (in another direction of traffic).

2. A leaf node is an ordinary node that must connect itself to the nearest branch
node. If no branch node is detected, the leaf node elects the neighbor that
is moving with the lowest speed and in the same direction of travel as its
branch. A leaf node generates and transmits only HELLO messages and
application traffic data.
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3. The resulting CBL Structure (one chain per direction) is comparable to a
virtual spinal structure, which could be obtained with the infrastructure. It
is maintained through the links that are made between the nodes.
Each node contains the following parameters:

• BranchChoice: the address of a branch node selected by a leaf node,
BranchChoice is null if its type is the branch ;

• ChainUP: the address of the branch node chosen to relay information
to upstream traffic. The ChainUP field is empty if the node is a leaf
node;

• ChainDO: the address of the branch node chosen to relay information
to downstream traffic. The ChainDO field is empty if the node is a leaf
node;

• Connexion time (CT) : is the expected duration of the communication
between two nodes Ni and Nj when they keep the same speed.

2.2.2 The periodic control structure

CBL is a proactive algorithm that utilizes a regular "Hello" message transmission
to discover its neighboring nodes. The Hello Interval refers to the frequency of the
transmission of these messages. The messages sent by node Ni contain information
about the neighboring nodes Nj within one hop and the type of link between them.
The messages must include eight attributes:

• @Adress, the address of the message-sending node Ni;

• Type, the current type of node Ni (branch or leaf);

• Position, the absolute position of node Ni (Xi, Yi);

• Speed (Vj), in meters per second, of the average vehicle speed of the neigh-
boring node Nj over one second;

• Steering angle in degrees of the average steering angle of the vehicle of the
neighboring node over a second;

• @ChainUP, the address of the downstream node;

• @ChainDO, the address of the upstream branch node ;

• @BranchChoice, the address of the node chosen as the relay branch node
number.
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2.2.3 Chain branch leaf (CBL) algorithm

The CBL strategy is composed of 5 different algorithms explained with more details
by (RIVOIRARD, 2018). The general architecture of CBL with the 5 functions is
presented in figure 2.3:

Figure 2.3: CBL algorithm with the 5 different functions. This algorithm is run
at the reception of a Hello message

2.2.4 Chain Branch Leaf (CBL) functional diagram

CBL follows a set of steps during its operation. The first step concerns the initial-
ization of the Branch. When a node enters a specific area, it is initially in the leaf
state, which means that it must perform certain tasks such as electing the branch
node to which it will be linked/attached. The address of this node is stored in
its "Branch Choice" variable and this information is then shared with its one-hop
neighbours through the "HELLO" messages it sends (RIVOIRARD, 2018).
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A leaf node attaches to the first detected branch node. However, it may detect
more than one branch node or, conversely, it may not detect any:

• If more than one branch node is detected, the selection is made following
these criteria: the branch node is moving in the same direction, the branch
node is part of a chain (set of connected branch nodes), and the branch node
has the longest connection time. These three selection criteria guarantee that
the relay node elected at a given date from among several detected branch
nodes will be the one that has the longest radio link time with the electing
leaf node. This strategy is applied in order to optimize the stability of a
cluster.

• If none is detected, after a waiting period, the leaf node chooses the neighbor-
ing leaf node that travels in the same direction and whose relative speed is
the lowest, as the relaying leaf node. This election of a leaf node as a branch
node initiates the creation of a chain structure and starts the initialization
of a new cluster.

The process by which a leaf node transforms into a branch node is as follows:

• Firstly, the node Ni checks if it has been designated as both a branch and a
leaf node for a duration greater than C3*HELLO INTERVAL, as defined in
the study conducted by (RIVOIRARD, 2018).

• Secondly, if these criteria is met, Ni examines its own @Ni address within the
fields @HELLO.BranchChoice, @HELLO.ChainUP, or @HELLO.ChainDO
contained within the HELLO message.

• Thirdly, if Ni’s address is present within one of these fields, it indicates that
the node has been elected as a branch node by its neighboring nodes. The
node will subsequently update its local variables and record the fact that it
has been elected as a branch node by this specific neighbour in its table of
one-hop neighbours.

• Finally, if, however, the neighboring node is itself a branch node and has
elected Ni as an upstream node, Ni will record the address of this neighbour
in its local variable @ChainUP and update its local variables accordingly.

A branch node also plays a role in the formation of the chain by electing both
an upstream and downstream branch node among its neighboring branch nodes
that move in the same direction, if it has elected them. The addresses of these
nodes are recorded in the local variables @ChainDO and @ChainUP, respectively,
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and this information is subsequently shared with the node’s one-hop neighbours
through the HELLO messages it transmits. The strategy proposed by the CBL
protocol is for a branch node to attach to the first branch node detected upstream
of its position. Nevertheless, several types of situations can be met:

• If it detects several of them and has not yet notified its choice to its neigh-
bours, then the branch node moving in the same direction, that is part of a
chain, that offers the longest chain time, and whose degree is the highest is
elected. The degree of node Nj at a hop of Ni is the number of neighbouring
nodes of Nj after excluding the node Ni and the neighbouring nodes at a hop
of Ni, this metric is used to identify the neighbouring nodes at a hop that
bring the knowledge of new neighbouring nodes.

• If none is detected, after a waiting period of C2 * HELLO INTERVAL, the
node elects, as upstream branch node, the leaf node which meets the same
criteria as before. This election of a leaf node as a branch node extends the
chain size with an additional link.

• Once the branch node has added a link to its chain, it does not change its
choice until the spatial ordering of the upstream and downstream vehicles
with respect to this branch node has undergone permutations.

On the other hand, a transformation of the node from branch type to leaf type
is possible if one of the following conditions is fulfilled:

• The validity time elapsed since the date of the last reception of a HELLO
message from a node having elected it is exceeded

• If it has just passed the node it had chosen as a branch node at the front of
its chain

• If it has detected that a branch node downstream from its position has
already elected another branch node that is upstream from its position

The neighbourhood table is updated when a HELLO message is received from a
neighbour.

Despite CBL having demonstrated its ability to effectively handle node com-
munications in different densities, it still has certain limitations. The structure of
CBL can be complex, in the event of a node failure, the whole network can be
affected, causing communications disturbance.
As a result, the CBL strategy is currently limited to a V2V configuration, but it
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can be extended to a V2I configuration in highway areas to ensure a Vehicle-to-
Everything (V2X) architecture. This extension would allow for better communi-
cation between vehicles and the surrounding infrastructure, enhancing the safety
and efficiency of vehicular networks.

2.3 Improving VANET Performance with Road-
side Units

Roadside units (RSUs) have been shown to mitigate the limitations of ad-hoc net-
works and improve performance in a vehicle-to-vehicle communications. Research
conducted in (Nguyen et al., 2019) has demonstrated that VANET networks, which
facilitate wireless communication between vehicles equipped with communication
capabilities and between Roadside Units (RSUs) provide the advantage of low
transmission time and high processing density in terms of accounting for mobile
nodes, particularly in scenarios of high vehicle density in the coverage area.
CBL has demonstrated its ability to effectively manage communications and nodes
in different densities, however it still has some limitations. The structure of CBL
can be complex, if one node fails, the whole network can be affected, causing com-
munications disruption/disturbance.
We propose an extension to the Chain Branch Leaf (CBL) routing scheme, intro-
duced in (Rivoirard et al., 2018), by involving fixed communication nodes called
Road Side Units (RSUs) to improve its functionality as shown in figure 2.4. The
RSUs serve as additional communication points in the network and can potentially
enhance the efficiency and reliability of the CBL routing scheme.

Figure 2.4: The CBL-Infrastructure representation of vehicles on tree lanes high
way and full deployment of Road side unit
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2.3.1 A Study on CBL-I Routing and RSUs

The exploitation of RSUs in the development of Chain Branch Leaf (CBL) routing
scheme is addressed through two different configurations or use cases. The first use
case is "free RSUs," where RSUs are placed freely in the network without specific
constraint which correspond to the actual RSU state in the physical road which
makes it usable in sustainable context. The second use case is "branch RSUs,"
where RSUs are positioned at specific locations to create branches in the network.
In other words, the flexibility of using RSUs in different configurations provides a
solution to the challenges of routing and maintaining communication connection
in a VANET. And provide a more comprehensive solution to the routing chal-
lenges and specially service continuity i.e, maintaining communication connection
between mobiles nodes in vehicular ad hoc networks. This can address the issues
of limited availability of vehicles equipped with communication capabilities and
incomplete infrastructure deployment.

2.3.1.1 First use case (UC1)

We have incorporated RSU nodes into the CBL architecture by using the existing
architecture, without any specific requirements for them to act as a "leaf" or
"branch" of the CBL, as illustrated in Figure 2.4. In other words, these RSU
nodes can be thought as static vehicles parked along the roadside. They do not
have a predetermined role in the network and can be used in either a "leaf" or
"branch" capacity, depending on the needs of the network at any given time. The
goal of introducing these RSU nodes is to enhance the network’s communication
capabilities and improve its overall performance. It is also to examine whether the
CBL algorithm can adapt to this new element and choose the most appropriate
type.

2.3.1.2 Second use case (UC2)

The RSUs in the simulation is set to operate as "Cluster Head" (or "branch" state)
by default and are unable to change to a "leaf" state. This configuration remains
unchanged throughout the simulation. This means that these RSUs cannot assume
a "leaf" state, which is typically used to extend the communication range of the
network by relaying data from other nodes. Instead, they must serve as "Cluster
Head" or central points of communication in the network.

2.3.2 Adaptation of control Message in CBL-I Architecture

The new Chain Branch Leaf Extended with Infrastructure (CBL-I) protocol re-
quires adaptation of the periodic control message "hello". In the original CBL
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architecture, all nodes are treated as identical and mobile which we refer to as
category OBU. In the revised CBL-I architecture, a new category of node, referred
to as the RSU, is introduced.
The messages transmitted by node Ni should include an enumeration of the ad-
dresses of neighboring nodes Nj that it is aware of, along with the nature of the
connecting link. The messages must also encompass the following nine pieces of
information:

• Adress, the address of the node Ni that sends the message ;

• Type, the current type of node Ni (branch or leaf) ;

• Category, the category of the node Ni (an OBU mobile node or a RSU fixed
relay point);

• Position, the absolute position (Xi, Yi) of the node Ni ;

• Speed, in m/s of the average speed of the vehicle Vi over one second;

• Steering angle,the average steering angle of the neighboring node’s vehicle
over a second ;

• ChainUP, the address of the downstream node;

• ChainDO, the address of the upstream branch node ;

• BranchChoice, the address of the node chosen as the relay branch node
number.

2.3.3 Implementation and Simulation Environment of CBL-
I Protocol

The R2012b version of Matlab, was used to implement the CBL protocol. For
our simulation to enhance CBL we will be reproducing the simulation parameters
that are detailed by (RIVOIRARD, 2018). Therefore we used the KrauB model
implemented in SUMO. the speed limit is set at 130km/h for the network. this
speed corresponds to the legal speed limit of the freeways in France.
The parameters used for the traffic generation are the following: the acceleration
capacity of the vehicles is 2m/s² and 1m/s² for the trucks, the deceleration is
3m/s² for vehicles and 2m/s² for the trucks, the imperfection of the driver is
between (0 and 1s), the inter-vehicle time desired by the driver is 1s, the minimum
space between two vehicles in case of congestion is 2.5meters for vehicles and 5
meters for trucks, and the maximum speed of the vehicle is 150km/s and 130km/h
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Figure 2.5: Representation of the probability density of the speed used by
(RIVOIRARD, 2018) for CBL implementations for vehicles and trucks in the case
of maximum authorized speed of 130km/h

Table 2.1: traffic simulation values and parameters
Car traffic
(veh/h/direction)

Truck traffic
(veh/h/direction) Density RSU

500 100 S1 - Low UC1
UC2

2000 400 S2 - Medium UC1
UC2

4000 800 S3 - high UC1
UC2

for trucks. To simulate a realistic driving behaviour it is necessary to use speed
distributions otherwise all vehicles would have the same speed and there would
be no overtaking of vehicles which is unrealistic. Therefore two other parameters
have been introduced in order to use the distributions "speed factor" is set to 1
for vehicles and 0,84 for trucks and "speedDev" is set to 0.1, which will result in
a speed distribution for which 95% of the vehicles drive at a speed ranging from
80% to 120% of the legal speed limit, as shown in figure 2.5.

The road environment used to illustrate the scenario proposals is a standard
French and European three-lane one-way highway, 5 km long, where vehicles travel
from west to east. Line-of-Sight (LOS) propagation model is used to simulate
radio wave propagation in a short-range environment where there are no obstacles
between transmitters and receivers. The usual configuration of a RSU is to be
affiliated with a controller in the same way as a base station is with its controller.
We assume that all nodes on the road are equipped and can communicate with
other nodes on the road whether they are vehicles (OBU) or RSU using 802.11p
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technology. For the following scenarios, Automated vehicles, on the other hand,
are equipped with a range of sensors and communication systems that allow them
to operate over a larger area. Vehicles communication range is 500 meters and
RSUs are positioned at 350 meters from each other to take into account their
communication range. The range of an RSU can be influenced by several factors,
including the frequency band used, the transmission power, the environment, and
the receiving antenna. In an urban or suburban environment, a range of 350 meters
is typical for RSUs.
The area of the simulated road network is empty of vehicles at the initialization
of the system and is loaded continuously, as the vehicles arrive in the simulation
space. Table 2.1, presented by the author (RIVOIRARD, 2018) summarizes the
traffic densities: low, medium, and high, by hour and by direction. With respect
to the multitude of vehicles for each of the three densities, we use a ratio of 1/6
trucks and 5/6 cars. We estimate that the high-density values are 100% percent
of the total vehicles on the road, medium density is 50% percent, and low density
is 12,5%.

2.4 Impact of Free state and Branch state of RSUs
on CBL Network Formation

From the initial simulation results in the two representatives Use Case (UC): (UC1)
and (UC2), we can observe that RSUs have been successfully introduced into the
initial CBL communication architecture and are considered zero-speed roadside
vehicles. Each vehicle is equipped with an OBU (On-Board Unit), which is used
to differentiate RSUs from stationary or broken-down vehicles on the roadside.
Several metrics are used to evaluate the results including the number of chains in
the network, the number of leaves per branch, the connection time between the leaf
and its branch, and the duration of a node in the branch state. Following figures
curves as mentioned in the legend: the mean value (in red), minimum value in (–),
maximum in (-.-) and the distribution of a variable using quartiles (in blue). the
last one allows to visualize the dispersion of the data.
Firstly, when the RSUs are free and close to each other, we notice that within the
first few seconds, they become branches and form a stable chain. Vehicles arriving
at different times connect to them. This shows that when the RSUs are in a
free state, the distance between the RSUs has an impact on their state (leaf or
branch). We have suppose that at 350 m the RSUs have a strong enough range
to have high-quality communication with the other RSUs and therefore a stable
enough chain covering the road of 5000m for the vehicles to attach to it. This
information should be taken into account when deploying RSUs on the network.
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Figure 2.6: Scenario (S1)- Number of chains in the network for use case 1 (UC1)
and use case 2 (UC2)

Figure 2.7: Scenario (S1)- UC2 figure showing The duration of a node in the
branch which start at 1s
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Figure 2.8: Scenario (S1)- UC1 figure showing The duration of a node in the
branch which start at 10s

The simulation values obtained are taken when the network is stable (between 150
s and 500 s). For low density (80 vehicles on 3 lanes of 5 km), the second use case
UC2 seems to be more efficient in terms of the number of chains in the network.
We notice that the chain is built by the RSU branches at 1 s and becomes stable
(only 1 main chain) faster after 3 s. The formation of the chain (figure 2.6) for
the UC1 case requires more time in view of the instability of the types of nodes
in the network, it will take 12 seconds on average to have a single chain. This is
due to the large number of branch election steps compared to the second use case.
Indeed, the leaf node must find a branch node to connect to. If it can’t find one,
it will elect a leaf node as a branch, so the node must become a branch, and then
it will look for an upstream branch node to form a chain.
This requires some adaptation time compared to UC2, where there are already
branches. Each of the branches will look for an upstream branch to form a chain.
The number of branch nodes per chain and the number of one-hop neighbors gives
the same results for the first and second use cases (average of 7 one-hop neighbors)
since it is related to the density of the highway. That is, in a medium density, we
get 16 branches per chain for a low density for the first use case, and 18 branches
per chain for the second use case.

For the second use case and with low density, the attachment of the leaf nodes
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Figure 2.9: Scenario 1 - UC2- The leaf to branch link duration

to their branches (figure 2.7) starts at 1 s so immediately. Because the RSU
branch chain is already formed on the road from the beginning to the end of the
simulation. So vehicles only have to connect to it, unlike the UC1, which starts
later at 10 s (figure 2.8), like CBL-V2V where it also starts at 10s.. This is because
some of the vehicle nodes must become branches to form the chain. Same result
are observed for medium and high density (S2 and S3).
We studied the stability of the connection/link by measuring the duration of the
link between the leaf and the branch, we notice a difference between the first and
the second use case since UC1 shows a longer link duration of about 25s, thus
more transmissions. While in the UC2, the link duration is about 10 s (figure 2.9).
This behaviour is due to the fact that with free RSUs, a leaf can be attached to
a vehicle branch. This results in a longer connection. Unlike the case where the
branches are RSU type (UC2), there will be a disconnection whenever the vehicle
leaves the RSU coverage. Figure 2.9 show link duration between the leaf and the
branch in low density (S1) and UC2.
In Use Case 1 (UC1) for Scenario 3, the connection time between a leaf and its
branch is 20 seconds on average and 28s maximum as can be seen in Figure 2.10.
whereas in the original CBL-V2V, each leaf node remains attached to the same
branch for maximum 30 seconds and 21.3s on average.
The evaluations carried out by simulation in (Belmekki et al., 2020), for the first use
case where the RSUs are free, show that for all the distribution modes previously
explained, the RSUs automatically transform into branches, we deduce that the
RSUs are the best candidates to build a stable chain.
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Figure 2.10: Scenario 3 - UC1-The leaf to branch link duration

2.5 Roadside unit communication nodes distribu-
tion models

By applying coordination modes to UC1 and UC2, we observed the behavior of
nodes in a Full Roadside unit distribution that can be considered as an ideal en-
vironment (A) and then tracked their changes in adverse and degraded situations
(B, C, D, and E). We define those modes in the following sections. The choice of
positioning the RSUs at less than 350 meters apart is made to enable automatic
transformation into branches and to form a chain between them. This distance is
within the maximum range of 500 meters for the RSUs to detect each other but
it also meets the criteria for selection defined by the CBL algorithm as described
by (RIVOIRARD, 2018). Indeed, it is observed that when they are at a greater
distance, the chain is formed inconsistently, which very often leads to transforma-
tions from branch to leaf and from leaf to branch as we can see in figure 2.11,
which means an unstable chain because at this distance there are mobile vehicles
that can meet the conditions of election of the branch and be a better candidate.
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Figure 2.11: Chain formation observation in the CBL structure with RSU in a free
state positioned at more then 350 meters

Figure 2.12: S1-UC1-Chain formation when RSUs are fully deployed along the
road side (simulation A)
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Figure 2.13: S2-UC2-Chain formation when RSUs are fully deployed along the
road side (simulation A)

2.5.1 Simulation of a Full Roadside unit distribution (A)

We performed simulations on a road network with roadside perception units (RSUs)
that were already deployed and present throughout the road. The first RSU was
positioned at the beginning of the road section and the rest of the RSUs were
spaced apart every 350 meters, as shown in figure 2.12. In the first UC1 (figure
2.14), RSUs tend to establish connections and form a branching network. This
happens when the RSUs are within the range of each other, and one RSU elects
another as its branch. This process continues until all RSUs are part of the net-
work. In the second UC2, the RSUs automatically form a chain because they are
in the branch state (figure 2.13). All vehicles that enter the network are attached
to the RSU chain. This way, the vehicles can communicate with each other and
the RSU network to improve perception and decision-making capabilities.

2.5.2 Simulation of vehicles leaving an infrastructure zone
(B)

RSUs are deployed at the beginning of the route and along part of the route. For
the first case (UC1) When vehicles leave an RSU area, the chain is built at the
beginning of the route by RSUs once the vehicles leave the RSU coverage area, the
last RSU elects the nearest node that meets the downstream branch conditions, in
this way the chain is established on the route continuously. It is the same for UC2
A neighboring leaf node is selected to extend the chain to the exit of a RSU zone.
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Figure 2.14: S3-UC2-Chain formation when RSUs are fully deployed along the
road side (simulation A)

The illustration 2.15 represents the deployment of the RSUs, with the X axis
representing the length of the road (5000 meters) and the Y axis representing the
lanes (3 lanes). The RSUs are positioned on the upper roadside, with 4 RSUs at
the beginning of the road.

2.5.3 Simulation of vehicles entering a RSU zone (C)

The RSUs are deployed along a specific portion of the road and are positioned at
the end of the route (as shown in figure 2.16). In both use cases UC1 and UC2,
the chain of vehicles is initiated at the start of the road by the entering vehicles.
As the vehicles progress along the route and enter the RSU coverage area, they
become connected to the chain of RSUs, which also form a chain along the same
road. The merging of these two chains results in a single unified chain of both
vehicles and RSUs along the route.

2.5.4 Technical issues causing the absence or malfunction of
some RSUs in the simulation(D)

To simulate cases of total absence of RSUs or cases where physical and/or technical
problems are encountered on some RSUs, we have simulated disconnections of
RSUs that cause blind zones with no communication possibilities. Figure 2.17 is
a screenshot of Chain formation for scenario 1 UC1 for simulation D, the X axis
represents the length of the road which is 5000 m, and the Y axis represents the
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Figure 2.15: S3- UC2- Chain formation for simulation B when leaving a RSU area
at different times (42,5 sec) and (192,5 sec)

70



2.5. ROADSIDE UNIT COMMUNICATION NODES DISTRIBUTION
MODELS

Figure 2.16: Scenario 1-2 - UC2 - Road structure for the Simulation of vehicles
entering a RSU zone (C) at moment 105,5 sec and 151,5 sec
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Figure 2.17: Scenario 1 - UC1 - Road structure for the simulation of absence or
presence of technical problems on some RSUs

lanes (3 lanes).
The RSUs are positioned on the upper roadside: 5 RSUs at the beginning of the
road and 5 at the end with an uncovered area in the middle. For (UC1), the
vehicles connect to the branches of the RSU chain. As soon as they leave the RSU
area and before entering a new RSU area, we observe for (UC1) and (UC2) that
CBL-V2V takes over and the "vehicle" nodes turn into branches to maintain the
chain.
Figure 2.18 shows Chain structure for scenario 3, UC1, it illustrates the dynamic
changes in the formation of a vehicular chain as it moves through a connected
transportation system. At the entrance, the Road Side Units (RSUs) act as branch
points and form the initial chain with incoming vehicles. As the chain moves
through an empty area, the vehicles continue to connect to each other, forming a
chain without the presence of RSUs. Once the chain enters a new RSU zone, the
vehicles switch back to connecting to the RSUs, as they are deemed more reliable
as branch points compared to mobile branches. This dynamic process of chain
formation highlights the importance of having both RSUs and connected vehicles
in ensuring a high-quality of service in automated mobility.

2.5.5 Deployment of RSUs as relay points in blind spots (E)

In the scenario of a partially deployed RSU network, the deployment is limited
to a portion of the road to simulate the lack of RSU deployment. Specifically,
the RSUs are only present over a distance of 1 km, from 2500m to 3500m along
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Figure 2.18: S3- UC1- Evolution of Chain formation for simulation D when Tech-
nical issues causing the absence or malfunction of some RSUs at different times
(71,5,5 sec) and later at (123,5 sec)
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Figure 2.19: Scenario 1- UC2 - Road structure for the simulation of Deployment
of RSUs as relay points in blind spots (SIMULATION E)

the 5 km road. As shown in figure 2.20 for Scenario 2 and scenario 3 for UC2,
figure 2.19 for the scenario 1 and UC2. For both use cases (UC1) and (UC2), the
RSUs located at the edge of the road section tend to branch off and form a chain,
regardless of the presence or absence of other RSUs in other sections of the road.
In UC1, when vehicles are outside the RSU coverage area, they form their own
chain. Upon entering the RSU coverage area, the two chains (vehicles and RSUs)
merge to form a continuous chain.
Similarly, in UC2, the RSU chain is formed and all vehicles are automatically
attached to it, resulting in a continuous chain covering the RSU deployment zone.
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Figure 2.20: Road structure for the simulation of Deployment of RSUs as relay
points in blind spots (SIMULATION E) for Scenario 2- UC2 and for scenario 3
UC2
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2.6 Conclusion

The simulation results of UC1 and UC2 demonstrated the successful integration of
RSUs into the CBL communication architecture. The close proximity of free RSUs
leads to stable chains, enabling vehicles arriving later to attach to them. However,
the distance between RSUs is a crucial factor that impacts the state of the RSUs in
the chain, determining whether they act as leaf or branch nodes. Close RSUs tend
to form stable chains, allowing vehicles to communicate with each other and access
the Internet. But as the distance between RSUs increases, the stability of chains
decreases, causing RSUs to switch between leaf and branch nodes, which affects
the network’s performance. Leaf nodes have limited connectivity and can only
communicate with nearby RSUs or vehicles, while branch nodes have a broader
coverage area and can forward messages from leaf nodes to other parts of the net-
work. To ensure network stability, the distance between RSUs must be optimized
based on the expected traffic density and network coverage requirements.
For low density, UC2 is more efficient in terms of the number of chains in the
network, whereas the formation of the chain in UC1 takes more time due to the
instability of node types. The stability of the connection between leaf and branch
was measured by the duration of the link, with UC1 having a longer link dura-
tion due to leaf nodes being attached to vehicle branches. In contrast, UC2 has
branches in the form of RSUs, resulting in a shorter link duration with disconnec-
tions when vehicles leave the RSU coverage. The evaluations showed that RSUs
are the best candidates to build a stable chain.
Therefore, this chapter proposed an algorithm for adaptable communication in
VANETs that leverages both V2V and V2I communication via RSUs. The inte-
gration of RSUs into the CBL algorithm was tested in UC1 and UC2, showing its
behavior in both ideal and degraded environments. Based on these observations,
an optimal coverage strategy was developed to improve the quality of service for
critical functions such as risk assessment and accurate location.
In the upcoming chapter, we will delve deeper into the topic of isolated nodes and
clusters, exploring a strategy that seeks to optimize coverage through a distributed
and dedicated RSU topology. Furthermore, we will examine how to redirect iso-
lated nodes and vehicle clusters to RSUs for enhanced connectivity.
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Chapter 3

The CBL-Gateway (CBL-G)
Protocol for a high quality of service
automated mobility
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3.1 Introduction

The main issue with embedded sensors in AV concerns their limited ability to re-
act only to nearby events occurring in the sensor field of view. However, for safer
operations, AVs must predict and anticipate distant events.
To achieve this goal, it is essential that C-ITS provide efficient communication
architectures and strategies that guarantee a high QoS in terms of accuracy, cer-
tainty, accessibility, availability, and continuity. Moreover, the quality aspect also
is related to the capability to send messages and data in a constrained time (low
delay and latency).
Cooperation among interacting communication "nodes" is thus critical for estab-
lishing and maintaining links between vehicles (V2V) or between vehicles and
infrastructure (V2I). However, communication links can be disrupted in certain
situations, such as vehicles leaving the communication area or high vehicle speed
limiting the stay in a specific area.
The goal is to create a dynamic communications clustering strategy with a dis-
tributed and dedicated RSU topology for optimal communications coverage in
highway areas using both V2V and V2I configurations.
The CBL-I model is found to effectively integrate Road Side Units (RSUs) and
handle V2I communications. However, the model also creates a significant number
of disconnections from one RSU area to another, this impact the connection du-
ration, this results in a reduced amount of data transmission leading to data loss.
and more importantly, there is no mechanism available to prevent node isolation.
In this chapter, an improvement of the CBL strategy is proposed with the imple-
mentation of a gateway mechanism (CBL-G). The objective of CBL-G is to develop
a dynamic communications clustering strategy with a distributed and dedicated
RSU topology to guarantee optimal communications coverage and better continu-
ity of data access.
In the next section, we aim to enhance CBL-I presented in chapter 2 by using RSU
as the gateway for isolated node processing, which will lead to better communica-
tion coverage.

3.2 Enhancing Communication coverage: The CBL-
G Extension

The proposed Chain Branch Leaf extended with Gateway (CBL-G) enables both
V2V and V2I communication through the use of RSUs as gateway nodes. The
CBL algorithm, as detailed in section 2.2.1, is limited to V2V communication.
The CBL-G algorithm builds upon the fundamental principles of the CBL algo-
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Figure 3.1: Example of an isolated node on lane 1, which connects to the nearest
gateway RSU (their link is circled in red), at time t=63.5 seconds

rithm, which includes leaf, branch, and chain nodes, by incorporating roadside
units as a new type of gateway node. These RSUs act as a relay point to pro-
vide communication for isolated nodes within the network. This extension aims
to enhance the overall communication coverage and improve the QoS for critical
functions such as risk assessment and accurate location determination.

3.2.1 Isolated node definition

A node is considered isolated if it has no neighbour at a hop if it is not connected
to any branch and is not part of the chain. In this case, this node will have to
connect to the gateway (RSU) that it detects in its neighborhood.
Illustration 3.1 clearly shows an isolated leaf node (green square) circled in red,
this node is isolated from the rest of the other nodes that form a chain (red lines)
connected (drawn in black) to the RSU closest to its position (blue point).
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Figure 3.2: Illustration of two clusters out of isolation from each other

3.3 The chain branch leaf-Gateway protocol (CBL-
G)

3.3.1 The CBL-G functional diagram

Upon entering the route, a leaf node seeks to connect to a branch node one hop
away from its current position. The discovery of the neighbourhood is done by
periodically (1s) sending the message HELLO. This discovery is continuous for all
nodes even after being attached to a cluster.
If the node is isolated, i.e. it does not detect other nodes in the vicinity, it will
select the RSU as the branch it sees near its position.
Once a branch node enters its perimeter, it will detect a potential branch in its
neighbourhood. It then disconnects from its RSU to connect to the branch.
The RSU has acted as a relay point for the isolated vehicle. The vehicle was
able to connect to the infrastructure via the RSU while the isolated node found a
branch to connect to, thus avoiding the isolation of the node. Once the isolated leaf
nodes are attached to the RSU, they continue to discover the neighbourhood by
the periodic message "HELLO" as shown in the figure 3.1. Once this isolated leaf
node detects another node in its vicinity, it will carry out the treatment applied
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in CBL, i.e. it will calculate the connection time (CT) that it offers if it is greater
than that offered by the RSU, it will elect it as a branch to connect to.
Afterward, the branch in turn will look for another branch with which to form a
chain, if it doesn’t find one, it will elect a leaf as the front branch, and the other
nodes of the route will detect that there are branches and they will connect to
them.
The diagram represented in figure 3.3 unwinds the mechanism of CBL-G from the
reception of a Hello message until the end.

3.3.2 Defining a new type of node

Each node registers its variables, among them, its type which has been defined in
the section 2.2.1 as being the current type of the node Niİn the new version of
CBL-G, we introduce a new type of node. We thus obtain three types of nodes
which we define below:

• Type=1, node Ni is a branch

• Type=0 the node Ni is a leaf

• Type=3 the node Ni is a gateway

3.3.3 Requirement of the node gateway

The requirements for the node gateway, also known as RSUs, in the CBL-G al-
gorithm RSUs are designed to act as a relay point to provide communication for
isolated nodes within the network. In order to achieve this, vehicles should be
equipped with appropriate hardware and software to communicate with both V2V
and V2I communication. Additionally, they should have the ability to detect and
connect with nearby nodes and to process messages received from those nodes. It
is likely that the RSUs must have a reliable and high-speed communication capa-
bility in order to provide a QoS for critical functions such as risk assessment and
accurate location determination. The node gateway should be designed to ensure
high availability, meaning it should be able to handle failures and provide contin-
uous service. The node gateway should be easily configurable to meet changing
business requirements and accommodate different use cases. In small networks
with low traffic levels, a discovery frequency of once per second may be sufficient.
However, in large networks with high traffic levels, a faster discovery frequency
may be required to ensure that the network topology remains accurate and up-to-
date. However, in high density networks there are very few cases of isolation so
we keep the 1 second configuration for all densities studied.
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Figure 3.3: CBL-G algorithm processing upon reception of a Hello message
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3.3.4 Adaptation of the vehicle structure and periodic con-
trol message for the CBL-G model

The content of the messages sent by node Ni contains the list of addresses of the
nodes Nj neighbouring a hop of which it is aware as well as the type of their link.
The messages must also contain the following ten attributes:

• Address, the address of the node Ni that sends the message;

• Type, the current type of node Ni (branch or leaf) ;

• Category, the category of the node Ni (an OBU mobile node or an RSU
fixed relay point);

• Position, the absolute position (Xi, Yi) of the node Ni ;

• Speed, the value Vj, in m/s, of the average speed of the vehicle of the
neighbouring node Nj over one second;

• Steering angle,the average steering angle of the neighbouring node’s vehicle
over a second ;

• ChainUP, the address of the upstream branch node;

• ChainDO, the address of the downstream branch node ;

• BranchChoice, the address of the node chosen as the relay branch node
number.

• BrancheChoiceType, the type of node chosen as the relay connection node
(this attribute is used to determine if the branch’s OBU or RSU).

The extracted structure of a vehicle node from Matlab is represented in figure
6.4. The new specification compared to the old version is the field that concerns
the type of the elected branch (mobile branch or RSU branch).

3.3.5 Algorithm 6: The processing of the gateway node

The CBL-G algorithm is based on the five algorithms previously defined in the
work of (Rivoirard et al., 2018), plus a sixth algorithm that we introduce in this
chapter, this new algorithm deals with the processing that a gateway node does.
The algorithm is presented in Algorithm 1. Algorithm 6 concerns all processing
done on a gateway RSU, first of all, the RSU node does not participate in the
creation of the chain.
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Algorithm 1 The gateway processing (which is algorithm 6 in CBL-I diagram)
1: procedure Gateway Processing(N,Nj, Ny)
2: N← 0 ▷ Ni is a leaf
3: Nj← 1 ▷ Nj is a branch
4: Ny← 3 ▷ Ny is a RSU
5: if Type.N← 0 and Type.Nj← 1 and Type.Ny← 3 then
6: @BrnchChoce.N←@Nj ▷ Branch election
7: @BrnchChoceType.N← 1
8: [T1, T8, T11] ← [T,0, T]
9: end if

10: if @BrnchChoce.N and ((T > T1 + V and N ←!HELLO.Nj) Or
(HELLO.Type.Nj← 0)) then

11: @BrnchChoce.N← 0 ▷ Branch loss
12: @BrnchChoceType.N← 0
13: [T1, T8, T11] ← [0, T,0]
14: end if
15: if N← HELLO.Ny then
16: @BrnchChoce.N←@Ny
17: @BrnchChoceType.N← 3
18: [T1, T8, T11] ← [T,0, T] ▷ Waiting for an observation period from

the neighbor
19: else
20: if (T > T8+C1 × HELLO NTERVAL) and N← HELLO.Nj then
21: @Nk← Nj
22: if CompreLeƒNode(@Ny,@Nk)← 1 then
23: @BrnchChoce.N =@Ny
24: @BrnchChoceType.N = 3
25: [T1, T8, T11] ← [T,0, T]
26: else
27: @BrnchChoce.N =@Nj ▷ Change of relay node
28: @BrnchChoceType.N = 1
29: [T1, T8, T11] ← [T,0, T]
30: end if
31: end if
32: end if
33: end procedure
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This information is shared with its one-hop neighbors through the HELLO mes-
sages it sends. This is also how it receives information from its close neighbors.
The strategy proposed in CBL-G is the following: a leaf node attaches itself to the
first gateway node, i.e. a gateway RSU that it detects upstream from its position.
In the following cases:

• If a leaf node does not detect any branch or leaf node in its neighborhood,
it elects an RSU node as the branch. This election of the gateway RSU as a
branch node prevents the leaf node from being isolated.

• If a branch node does not detect any node in its perimeter, i.e. the validity
time elapsed since the date of the last reception of a HELLO message from a
node having elected it is exceeded, it returns to the leaf state (algorithm 5).
Then if it does not find a branch to which it is attached it elects the nearest
RSU as a branch.

• Once the isolated node has added the RSU as a branch, it continues to
discover its neighborhood. As soon as it detects a branch node it will execute
algorithm 3, that is to say, it will calculate the connection time that it offers.
If it is greater than the one offered by the RSU it will elect it as a branch to
connect to.

3.4 Analysis of the CBL-Gateway (CBL-G) results

To start it should be noted that the cases of isolated mobile nodes or clusters
only occur when there is an extremely low density of vehicles, which is rare on
a highway and usually only at off-peak times. A behaviour observed during the
tests and the study of the road structure of the CBL algorithm is the formation
of disconnected clusters when the density of vehicles is very low, which creates
fragments of chains disconnected from each other, as shown in figure 3.2.
The handling of isolated nodes in the CBL-G system is studied by examining the
behavior of mobile nodes in varying infrastructure densities.
The performance of the CBL-G system is evaluated using a set of metrics, includ-
ing:

1. Number of nodes per RSU, This is the number of connected node pairs as
defined in (Ben Jemaa, 2014) K(N; Nj; t), that are connected in one hop at
a time t1, with N node category being RSU, and N ̸= Nj. Node-number-
per-RSU(N,Nj;t1) is a variable that indicates the connectivity between two
nodes N and N at time t.

Node − nmber − per − RSU(N,Nj; t1) =
N
∑

j=0

K(N,Nj; t1) (3.1)
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With, N.Ctegory = RSU & N.ctegory ̸= Nj.ctegory

2. Number of nodes per branch, with Nj as a leaf node and N as the elected
branch by Nj.

Node − nmber − per − brnch(N,Nj; t1) =
N
∑

j=0

K(N,Nj; t1) (3.2)

With, N.Type = Brnch & Nj.Type = eƒ

3. Duration of the link between a leaf node and its branch, as defined by
(RIVOIRARD, 2018) and (Ben Jemaa, 2014) is CT-leaf-branch(N, Nj) with
Nj as a leaf node and N as the elected branch by Nj.

CT − eƒ − brnch(N, Nj) =
−(b + cd) +

Æ

(2 + c2)∗ P2 − (b − bc)2

2 + c2
(3.3)

Where:

a = V cos(Ω)−Vj cos(Ωj) ; b =X - Xj;
c = V sin(Ω)−Vj sin(Ωj) ; d =Y - Yj;

Where P is the range and it is a positive constant, N and Nj are two con-
nected node pairs, V and Ω are the velocity and orientation of node , X
and Y are the coordinates of node 

4. Duration of the connection between an isolated node and its corresponding
relay point RSU (in sec). This is the period during which two nodes N
and Nj are connected. CT-node-relay(N; Nj) a variable that indicates the
connectivity between two nodes: N category is a RSU and Nj category is
different from N category.

CT − node − rey(N, Nj) =
−(b + cd) +

Æ

(2 + c2)∗ P2 − (b − bc)2

2 + c2
(3.4)

Where:

a = V cos(Ω)−Vj cos(Ωj) ; b =X - Xj;
c = V sin(Ω)−Vj sin(Ωj) ; d =Y - Yj;

Where P is the range and it is a positive constant, N and Nj are two con-
nected node pairs, V and Ω are the velocity and orientation of node ,
X and Y are the coordinates of node  and N.Ctegory = RSU and
N.ctegory ̸= Nj.ctegory.
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Figure 3.4: Number of isolated nodes per RSU

The number of isolated nodes in the first RSU is proportional to the density: in a
high density, many vehicles enter simultaneously and connect to the first RSU. On
the contrary, when the density is low, the isolated nodes attached to the first RSU
are weaker but there are more isolated nodes attached to the rest of the RSUs.
Then, when the density of vehicles is low, a chain is formed only of branches or
sometimes the branches are not in range of each other, so we obtain isolated nodes
and clusters. About 4.13% of the nodes in the network are isolated. And this is
because of the areas not covered by the chain, in which case the nodes will have
an interest in connecting to the RSU.
In the case of high-density architecture, there are few cases of isolation; if we
consider many vehicles on the same road, they will necessarily be close to each
other. Thus, a chain is provided in nodes. In comparison with a low density,
0.43% of the nodes in the network are isolated when the density is high compared
to 4.13% when the density is low. The cases of isolation that are observed in high
density are mostly due to vehicles entering the road. The research presented in
(RIVOIRARD, 2018) explains that for a high density a node remains attached
for 30 seconds to its branch. In the work of (Belmekki et al., 2020), when the
infrastructure is on the road and the RSUs are in the branch state continuously
(UC2), we obtain a link duration between the leaf and the RSU whose state is
"branch" of 10 seconds for a low density. The results for a medium density are
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Figure 3.5: Duration of the leaf to branch link in a medium density of vehicles
versus simulation time

shown in figure 3.5.
The time it takes for a node to attach to its gateway RSU depends on three factors:

• The speed of the vehicle.

• The range of an RSU.

• The absence of a branch

In the vicinity that would cause a disconnection from its RSU to attach to the
branch.
Concerning the number of leaf nodes per branch, we obtain an average of 2.41
nodes for a low density. When we have a medium density we have 4.61 nodes per
branch and for a high density 9 nodes per branch.
This does not differ globally from the initial results of CBL. We can therefore
deduce that the metric of the number of leaf nodes per branch is not affected by
the presence of RSU for this case.
CBL-G has allowed us to perform both V2V and V2I communications simultane-
ously in the same environment. Thanks to these two types of communication and
their application to realistic road situations during simulations, we were able to
observe the behavior of the nodes. This allows us to position ourselves as to the
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relevance of using one type of communication to another or both types of commu-
nication depending on the environment and the situation.
I remind you that in our work, we consider equipped vehicles only. If we are on
a road with a high density of vehicles but 50% of them are not equipped then we
consider that we are on a road with a medium density, because 50% of the vehicles
will not be used in our model.
It has been proven that in case of the low density of equipped vehicles, there will
be more cases of isolated nodes and clusters (as shown in the figure 3.2) so if we
are in an environment equipped with RSUs, it will be judicious to opt for a V2I
communication rather than a V2V communication to bridge this isolation.
On the other hand, when you are in a medium to the high-density environment,
there is no point in using V2I only.
Because there will be a lot of connection/disconnection to the RSU as the mobile
nodes pass by. And the duration of connection of a mobile node with the RSU is
limited and depends on the range of the RSU and on the speed of the vehicle (for
example an isolated vehicle driving at 110km per hour wanting to connect to an
RSU with a range of 500 meters: the duration of the link between the vehicle and
its RSU will be 14.4 seconds, all this assuming that the node concerned does not
detect any branch during its passage in the RSU zone).
In this case, the connection of a vehicle to another mobile vehicle offers a better
link duration. So it is better to use V2V only. V2V communications are sufficient
to maintain the chain between vehicles.
It is sometimes necessary to combine the two types of communication when we
are in a low or medium density where there are enough equipped vehicles in the
vicinity to build the chain, but with a rate of isolated nodes 4.13% that can be
solved by combining V2V communications with V2I. The table 3.1 summarizes
our findings.
The development and deployment of new mobility services involving autonomous
vehicles imply addressing critical and important issues related to safety aspects.
In this context, it is essential to propose solutions, mechanisms, architectures, and
functions that guarantee the robustness, reliability, accuracy, confidence, and effi-
ciency of the systems (perception, decision, actions).
Information from other vehicles (Local Dynamic Perception Map) and from the
infrastructure will be essential to build more extensive, improved, and long-range
information. The use of remote data will allow the construction of an "extended
dynamic perception map" useful for assessing critical hazard situations or remote
data (e.g., overall risk level).
Remote information is essential to have enough time to react properly and to
propose an efficient planning mechanism able to predict and anticipate events,
configurations or risk situations. For this, we need efficient communication archi-
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Figure 3.6: Rate of isolated nodes per RSU in a high density

tectures and strategies that guarantee a very high level of QoS.
In this section, an adapted communication architecture has been proposed to an-
swer these questions. The architecture employs strategies and mechanisms to use
the dynamic communication clustering of vehicles and infrastructure resources to
ensure optimal communication coverage.
The proposed solution merges the functionality and benefits of V2V and V2I com-
munications with the CBL-G system.
The main objective of CBL-G is to provide optimal communication coverage with
efficient management of potentially isolated groups of vehicles. CBL-G addresses
a new issue that CBL did not initially address: isolated nodes and the breaking of
the backbone.
CBL-G prevents connection loss and improves QoS by redirecting isolated nodes
and clusters to RSUs that act as gateways and guarantee the continuity of the
communication chain (backbone built from the branch nodes). Indeed, it is able
to solve the problem of isolated nodes rate in high density by decreasing the rate
from 0.43% to 0%, and by decreasing the rate of isolated nodes in low density from
4.13% to 0.13% by combining V2V communications with V2I which increased the
coverage of the road network from 96% to 100%.
The different scenarios and use cases applied to the CBL-G system confirmed the
effectiveness of our method. Indeed, the resolution rate of isolated nodes is better
in low densities because the average number of isolated nodes is higher.
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Figure 3.7: Rate of isolated nodes per RSU in a low density

From the obtained results, it is now possible to propose recommendations (table
3.1) in the deployment and the optimal communication topology according to the
possible configurations and modes: V2V with only CBL, V2I with only UC2, or
the use of a combination of vehicles and infrastructure equipment with CBL-G.

3.5 Conclusion

In this chapter, a suitable communication architecture has been proposed that in-
volves strategies and mechanisms to utilize the dynamic communication clustering
of vehicles and infrastructure resources to ensure optimal communication cover-
age. The proposed solution merges the functionality and benefits of V2V and V2I
communications with the CBL-G system.
The main objective of CBL-G is to provide optimal communication coverage with
efficient management of potentially isolated groups of vehicles.
CBL-G addresses a new aspect that was not initially managed in CBL: the issue
of isolated nodes and backbone failure (a set of branch nodes without connection
between them). CBL-G prevents connection loss and improves QoS by directing
isolated nodes and clusters to RSUs that act as gateways and guarantee the con-
tinuity of the communication chain (backbone built from branch nodes).
Our model allows only branch and remote nodes to connect to the RSU when
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needed, which greatly reduces the number of vehicle nodes requesting resources
from the RSU at the same time, thus avoiding network congestion. Indeed, it is
able to solve the problem of the rate of isolated nodes in high density by decreasing
the rate from 1.5 % to 0%, and decreasing the rate of isolated nodes in low density
from 14.23% to 0% by combining V2V communications with V2I which increased
the road network coverage from 85% to 100%. Those results have been published
in our paper (Belmekki, Gruyer, and Tatkeu, 2022).

Table 3.1: Recommendations on the best Communications Type (V2V, V2I,
V2V+V2I) according to the equipped vehicles density in a freeway environment

CBL (V2V) UC2 (V2I) CBL-G (V2V+V2I)
Low density X

p p

Medium density
p

X
p

High density
p

X
p

The different scenarios and use cases applied to the CBL-G system have con-
firmed the efficiency of our method. Indeed, the resolution rate of isolated nodes is
better in low densities because the average number of isolated nodes is higher. The
CBL-G is currently available to be evaluated in different vehicle density configura-
tions with an implementation in the physical-realistic simulation platform SiVIC-
MoboCoop (NS3, Pro-SiVIC, RTMaps) and can be exploited in future work. The
next chapter explains Contribution 3 which consists in using this new version of
CBL-G to estimate the collision risk at three levels: local, extended, and global.
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4.1 Introduction

The increasing advancements in Intelligent Transportation Systems (ITS) technol-
ogy have opened new avenues to enhance traffic safety. V2V and V2I communi-
cation have been successful in mitigating crash severity and reducing collisions.
However, the focus has primarily been on improving mobility and traffic opera-
tions, with little attention given to road safety.
This chapter introduces a multi-level collision risk estimation method based on
CBL-G structure and communication, which aims to estimate local and extended
collision risks. The CBL-G method will be adapted for CPM and reorganized to
include better indicators for risk estimation. The chapter presents an analysis of
different CPM generation policies and the balance between perception capabilities
and communication performance.

4.2 State of art

Recent advancements in ITS technology have garnered significant attention as a
potential means of enhancing traffic safety. Specifically, the utilization of V2V
and V2I communication has been shown to mitigate crash severity and reduce the
likelihood of collisions. (Fyfe, 2017) conducted a study in which they employed
Vienna SIMulation Model (VISSIM) and the Surrogate Safety Assessment Model
(SSAM) in conjunction with the Cumulative Travel Time (CTT) algorithm to
assess safety in a V2V environment. The results of the study indicated a 40%
reduction in the frequency of rear-end conflicts at a signalized intersection when
utilizing Cooperative Automated Vehicles (CAV).
Similarly, authors (Olia et al., 2016) conducted an experiment utilizing CAV tech-
nology in PARAMICS and estimated that the safety index improved by up to 45%
in such an environment. Furthermore, in (Paikari, Tahmasseby, and Far, 2014)
the authors used PARAMICS, a simulation tool that combines V2V and V2I tech-
nologies, to demonstrate improved safety and mobility on highways in the context
of connected vehicles (VC).
Vehicle platooning in conjunction with connected vehicle (VC) technology repre-
sents a critical component of future transportation systems, as it has the potential
to simultaneously improve traffic operations and safety.
(Tian et al., 2016) proposed a stochastic model to evaluate the collision proba-
bility for a heterogeneous vehicle platoon. The model is able to account for the
distribution of inter-vehicle distances, and the results have the potential to reduce
chain collisions while also mitigating their severity. However, it only accounts for
the distribution of inter-vehicle distances and does not consider other factors that
may contribute to collisions, such as road geometry, vehicle speed, and driver be-
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Figure 4.1: The global architecture of the autonomous driving system using coop-
erative perception

havior. Additionally, the results of the model may not accurately reflect real-world
scenarios, as it is based on stochastic assumptions that may not perfectly match
actual conditions. Despite these limitations, the results of the model have the po-
tential to provide valuable insights into the potential reduction of chain collisions
and their severity, and it may serve as a starting point for further research and
refinement. The authors (Rahman et al., 2018) have demonstrated that connected
vehicles can improve traffic safety in foggy conditions. The study applied two
types of CV approaches:Connected Vehicles Without Platooning (CVWPL) and
Connected Vehicles With Platooning (CVPL) and evaluated their impact on safety
using three surrogate measures: standard deviation of speed, the standard devi-
ation of distance traveled, and Rear-end Crash Risk Index (RCRI). The results
indicated that both VC approaches significantly improve safety in foggy condi-
tions.
Previous research has primarily focused on improving mobility and traffic opera-
tions in a CAV environment, with limited attention given to road safety.
In this chapter, we discuss the different levels of collision risk between vehicles
traveling on the highway, with a focus on utilizing their local and extended local
perceptions, conveyed through CPM messages introduced by ETSI (ETSI, 2019).
These CPMs are also utilized in various projects such as the Transition Areas for
Infrastructure-Assisted Driving (TransAID) project (Correa et al., 2019).
The analysis conducted demonstrates that certain CPM generation policies im-
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prove perception capabilities, but also increase the risk of saturating the commu-
nication channel and making the network unstable. The dynamic policy currently
considered by ETSI aims to achieve a balance between perception capabilities and
communication performance.
Figure 4.1 illustrates the overall architecture of the autonomous driving system uti-
lizing cooperative perception, with the fundamental role of supporting improved
decision-making for autonomous driving. The left-hand boxes indicate the compo-
nents for achieving autonomous driving, while the right-hand box, represented by
a dashed line, highlights the components for autonomous driving using cooperative
perception.
In this chapter, we introduce and explain in detail our Multi-level collision risk
estimation based on CBL-G structure and communications, which we use to esti-
mate collision risk (local and extended). In order to do so, we intend to adapt the
CBL-G for CPM and reorganize and adapt the CBL-G method so that it takes
the most elements to our indicators for better risk estimation.

Figure 4.2 represents three clusters in the CBL-G framework where the local

Figure 4.2: Vehicles (F1, F2, F3, F4, and B) local perception represented at the
CBL-G structure

perception of each vehicle (F1, F2, F3, F4, and B) is shown.

4.3 Multi-level correct perception

4.3.1 The local perception

The local perception is limited to the capacity of the onboard sensor i.e. limited
to its perceptive capacity and the surrounding obstacles (fields of vision). Figure
4.3 represents the local perception of vehicle F1 which is vehicle F2.

4.3.2 The extended local perception

The extended local perception is the perception of the cluster members shared
with their cluster head which allows the cluster head to perceive what its leaves
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Figure 4.3: Vehicle "F1" local perception representation extracted from the figure
4.2

do.
As shown in Figure 4.2, vehicle B local perception does not allow it to detect any
vehicle (figure 4.4); However, we will be able to detect the presence of the two
vehicles F2 and F4 by using the information perceived by vehicles F1 and F3. In
this example, we limit the perception to the front zone of the vehicles (i.e. RADAR)
and apply a modeling of the uncertainties on vehicle localization obtained with a
GPS as well as frontal obstacle detection obtained with the RADAR. Thanks to
the CBL communication system, the branch will receive the local perceptions of its
leaves (F1, F2, F3, F4). So the perception of B will be empty (no vehicle) however

Figure 4.4: Vehicle "B" The local perception representation extracted from the
figure 4.2

its extended local perception will contain the four nodes of its cluster (F1, F2, F3,
F4).
Figure 4.5 represents the obtained extended local perception of B.

4.3.3 The extended branch perception

The extended branch perception is the perception of the downstream neighboring
branch shared with its upstream branch and the perception of the upstream neigh-
boring branch shared with its downstream branch, allowing the central branch to
receive perceptions of objects (obstacles), that it cannot see using only embedded
equipment from both sides (upstream and downstream). We can perceive further
than we could previously with extended local perception, which is limited to the
cluster.
Figure 4.6 illustrates the extended branch perception case: As shown in Figure 4.6,
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Figure 4.5: Vehicle "B" The extended local perception representation extracted
from the figure 4.2

Figure 4.6: The representation of Branch B2 perception and its adjacent branches
B1 and B3 perception in CBL environment

the extended branch perception of vehicle B does not allow it to detect any vehicle
(figure 4.4, however, thanks to the CBL communication system, the branch will
receive the local perceptions of its upstream and downstream branches (B3, B1).
Indeed As the adjacent branches communicate to form a chain, the B2 branch will
also be able to receive the GPS position of the B1 and B3 branches. The collection
of all the information of the branch’s perception will then make it possible to esti-
mate a map of extended branch perception which will be able to be used to build
a map of extended branch risks. B1 will share its perception which is represented
in figure 4.7 with its Upstream branch B2. B3 will share its perception which is
represented in figure 4.8 with its Downstream branch B2. Node B2 possesses a
perception that solely comprises its own location information. Meanwhile, Node
B1 generates a dynamic perception, incorporating its location and the detection
of Nodes F5 and F3. Similarly, Node B3 generates a similar map, comprising its
location and the detection of Node F6. From these perceptions, Branch B builds
its own extended branch perception which is represented in figure 4.9.
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Figure 4.7: The representation of Branch B1 local perception in CBL environment
which is nodes F5 and F3

Figure 4.8: The representation of Branch B3 local perception in CBL environment
which is node F6

4.3.4 The global perception

The perception of the ego vehicle can be expanded beyond its immediate vicinity
by utilizing the perception of branch nodes that are positioned upstream and
downstream of its location. This technique, referred to as global perception, allows
for the sharing of perception information among branch nodes that are farther
away from the ego vehicle. This enables the ego vehicle to gain a comprehensive
understanding of its surroundings, including areas that are beyond the immediate
upstream and downstream clusters. This technique enables the projection of global
situational awareness while the vehicle is in motion

4.4 Uncertain perception

For the uncertain perception as shown in figure 4.10 , we use Kalman filter. This
filter is a recursive algorithm that estimates unknown state variables from a series
of noisy measurements. It can produce an optimal statistical estimate of the
system’s state as well as a variance-covariance matrix that provides the filter’s
estimated precision. The Kalman filter algorithm consists of two steps: prediction
and update. The prediction step is given by:

kp = Ak−1p + Bk (4.1)

Pkp = A∗ Pk−1p ∗ A′ + Q (4.2)
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Figure 4.9: The representation of the extended Branch perception B2 in CBL
environment built from CPDL of both branch B1 and B3

The update step is given by:

Kk = PkpC′n(CPkpC′ + R) (4.3)

kp =  (4.4)

Other estimators exist, such as alpha-beta lter, individual lters, and Luenberger
observers, but none has achieved the celebrity status of the Kalman filter. Kalman
filter principle diagram by (Aimonen, 25 November 2011) for prediction is repre-
sented in figure 4.11.
The state prediction equation is:

k = Akk−1 (4.5)

The error covariance prediction equation is:

Pk = AkPk−1ATk + Qk (4.6)

The state estimate equation is:

k = k + Kk(zk − Hkk) (4.7)

In these equations, k is the state estimate, Pk is the error covariance matrix,
Ak is the state transition matrix, Qk is the process noise covariance matrix, Kk
is the Kalman gain, Hk is the measurement matrix, Rk is the measurement noise
covariance matrix and zk is the measurement. We consider a simple linear system
where the state of the system at time step k is represented by the variable x, the
control input at time step k is represented by the variable u, and the measurement
at time step k is represented by the variable z.

The state transition equation of the system is given by:

k = Ak−1 + Bk + k (4.8)

where A and B are the system matrices, k is the control input and k is the
process noise which is assumed to be white noise with a covariance matrix Q. The
measurement equation of the system is given by:

zk = C∗ k + k (4.9)
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Figure 4.10: Schematic diagram of scenario B CBL extended local perception of
branch B2 in the cluster 2 with Uncertain perception and perfect localization

where C is the measurement matrix, zk is the measurement and k is the mea-
surement noise which is assumed to be white noise with a covariance matrix R.
We will use the following matrices: A = [1 1; 0 1]; B = [1; 0]; C = [1 0]; Q = [10
0; 0 10]; R = [10]; The used kalman filter is given in Algorithm 2 :

Algorithm 2 Kalman Filter
1: function Kalman_Filter(A,B,C,Q,R, pre, Ppre, , z)
2: pred ← A∗ pre + B∗  ▷ Predicted state estimate
3: Ppred ← A∗ Ppre ∗ A′ + Q ▷ Predicted error covariance
4: K ← Ppred ∗ C′ ∗ n(C∗ Ppred ∗ C′ + R) ▷ Kalman gain
5: est ← pred + K ∗ (z − C∗ pred) ▷ Updated state estimate
6: Pest ← Ppred − K ∗ C∗ Ppred ▷ Updated error covariance
7: return est, Pest
8: end function

4.5 The Experimental plan

The Experimental Plan we used is described as follows:
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Figure 4.11: kalman filter principle diagram for prediction

1. Use the SUMO software to generate a real-world highway scenario with a
section of the A27 highway.

2. Intentionally creates risky situations between vehicles traveling on the same
route by changing the dynamics of the vehicles involved.

3. Use the Kalman filter algorithm to model uncertain perception and estimate
the risk of collision in a degraded scenario.

4. Implement the Kalman filter algorithm using the prediction and update steps
as described in the given equations.

5. Perform state prediction and error covariance prediction using the state tran-
sition and process noise equations.

6. Use the Kalman gain, measurement matrix, and measurement noise covari-
ance matrix to estimate the state of the system and update the state estimate.

7. Evaluate the results of the Kalman filter algorithm to determine the risk of
collision in the degraded scenario.

8. Compare the results to the results obtained in the perfect localization sce-
nario to determine the impact of uncertain perception on collision risk.
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4.6 Collective perception message (CPM)

In the context of Intelligent Transportation Systems (ITS) as defined by ETSI
(ETSI, 2019; ETSI, 2020) and in section 1.3.3, and to achieve the multi-level per-
ception defined above, we specify the CPM which is a message exchanged between
ITS stations (such as vehicles or infrastructure) that contains information about
the current environment.
The purpose of the CPM is to minimize the ambient uncertainty of ITS stations
by providing them with contextual information from other stations. This infor-
mation can include details about the presence and location of other vehicles, road
conditions, and traffic congestion. The CPM can help ITS stations make more
informed decisions about how to safely and efficiently navigate the road network.
The structure of the CPM as defined by ETSI can vary depending on the spe-
cific application or use case. However, in general, a CPM typically includes the
following elements:

1. A header: This includes information such as the message type, the sender’s
identification, and the time the message was sent.

2. Contextual information: This includes details about the current environ-
ment, such as the presence and location of other vehicles, road conditions,
and traffic congestion.

3. Security information: To ensure the authenticity and integrity of the mes-
sage, CPMs may include security information such as digital signatures or
encryption.

4. Payload: this include the actual information that is needed to be transmitted

The security information and the payload are considered optional elements, as
they may not be needed for all use cases or applications. However, depending
on the security requirements of a specific ITS system or application, the security
information may become mandatory.
It’s worth noting that ETSI defined that the contextual information and the safety
information are both considered as mandatory parts of the payload, as they are
necessary for ITS stations to make informed decisions about how to safely and
efficiently navigate the road network.
It’s worth noting that the CPM structure is designed to be flexible and extensible,
so it can adapt to different use cases and be used in various ITS applications. It’s
also worth noting that ETSI also defined the structure of the payload which is
divided into two parts:
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1. Contextual Information: This includes information such as the location and
heading of the sender, speed, and the presence of other vehicles, road condi-
tions, and traffic congestion.

2. Safety Information : this includes information related to safety such as the
presence of a dangerous object, warning, or an accident.

In the next section we define our CPM message structure used for our model.

4.7 CPM Generation Rules and Their Impact on
V2X Communications

In the context of V2X communications, the CPM generation rules dictate the
frequency and content of CPM transmissions. The ETSI standard establishes
that a vehicle must check every T_GenCpm interval to determine if a new CPM
should be generated and transmitted, with T_GenCpm ranging between 0.1s and
1s (Thandavarayan, Sepulcre, and Gozalvez, 2020). A new CPM must be generated
if a new object is detected or if certain criteria, such as position or velocity changes,
are met for previously detected objects. The frequency of CPM transmissions and
the amount of information included in each message can impact the overall channel
load and reliability of V2X communications.

4.8 Approach of CBL-G for Vehicle Detection and
Collective Perception

In CBL, a periodic control message, referred to as the "HELLO message," is intro-
duced in previous sections to discover neighboring vehicles. The HELLO message
and the CPMs are important to separate as the first maintains the communication
architecture and link between vehicles, while the second, the CPM shares each
vehicle’s perception information, allowing for the expansion of the nodes’s local
map. The vehicle is assumed to have a frontal view of 200 meters and a com-
munication range of 500 meters. The ego vehicle generates CPMs in accordance
with ETSI’s current CPM generation rules, as described in section 4.7. From an
algorithmic perspective, the Cooperative Awareness for Vehicle Safety (CBL-G)
system detects vehicles by receiving control messages from neighboring vehicles.
Upon receiving a new control message from a neighboring vehicle Vj, vehicle V
will send a CPM containing information about the detected object Vj. If vehicle
V does not detect any new vehicle after one second, it will send an empty CPM
message, to signal that it is able to detect and share objects. The adaptation of
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CBL-G for the collective perception is done by the adaptation of the structure of
the vehicle, indeed we introduce a new element which is the detected object.

4.9 Integrating Vehicle Parameters in CBL-G: Rep-
resenting Vehicle Structures and confidence

The sections below define the new vehicle’s parameters. First we integrate in our
model the "acceleration" (a), it is calculated as follows:

 =
ΔV

Δt
=
V
ƒ
− V



t
ƒ
− t



(4.10)

In CBL, all vehicles are identical nodes, we introduce in CBL-Gateway different
types of vehicles with their dimensions (length X width) in meters most frequent
on a road:

urban car =
�

length = 3,5 m
width= 1,5 m (4.11)

Van =
�

length = 5
width= 2,05 (4.12)

motocycle =
�

length = 2,30
width= 1,25 (4.13)

Then we introduce the vehicle mass parameter corresponding to each vehicle type.
The mass is useful for the calculation of the accident severity and the collision risk,
which are explained in detail in the metric section 5.2.

Vehicle masses=







urban car= 1500kg
Van= 3500kg
motorcycle= 250 kg

(4.14)

Regarding the dimensions of the RSU, they are (0m X 0m) because it is a unit
that is on the side of the road and therefore not considered subject to collision.
Afterwards we integrate to our model the cape of the vehicle which gives at time
(t) the information of the trajectory of the vehicle at time (t+1).

Finally, another element is the confidence using an optimistic approach. The
variable "a" is a constant that determines the level of optimism, with higher values
of "a" leading to higher levels of confidence. The variable "occurrence" is the
number of occurrences of the event or set of events. The formula is an exponential
decay function, where the confidence starts at 1 and decreases over time as the
number of occurrences increases. Its representation in the CBL-G is illustrated in
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Figure 4.12: Curve representing the increase of the value of confidence versus
occurence in CBL-G in optimistic mode

Figure 4.12 the confidence changes as the occurrence of the event increases. The
plot will be a blue line with a width of 2 points. The x-axis will represent the
occurrence and the y-axis will represent the confidence.
The value of "a" is set at 0.5 and can be adjusted to change the level of optimism.
Higher values of "a" will lead to a faster decrease in confidence, while lower values
will lead to a slower decrease.
It’s worth noting that, this formula is a way to model the confidence based on
the frequency of the event. The idea behind the formula 4.15 is that if an event
occurred many times before, it’s more likely to happen again, so the confidence
will decrease. If the event never occurred before, the confidence will be at its
maximum.

conƒ dence = 1 − ep(−∗ occrence) (4.15)

4.10 Conclusion

This chapter presents a study on the utilization of CPMs in autonomous driving
systems to improve road safety. We aim to present a comprehensive analysis of the
various perception levels between vehicles travelling on the highway by utilizing
local and extended local perceptions.
Specifically, we have defined and discussed the concepts of local, extended lo-
cal, extended branch, and global perception. Furthermore, we have outlined the
modifications and adaptations made to our CBL-G communication architecture to
conform to the ETSI-standardised CPM message and the new properties incorpo-
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rated into the vehicle to serve as collision risk measurement parameters.
In the subsequent chapter, we will delve deeper into the application of these percep-
tion levels in the estimation of risk levels. We will also provide a detailed analysis
of the various risk metrics and explain our rationale for selecting a specific risk
metric, along with relevant scenarios to illustrate its effectiveness.
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Chapter 5

Multi-level Risk estimator with
uncertainties and multidimensional
configurations
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5.1 Introduction

The goal of calculating collision risk in the context of ADAS is to enable the
definition of various levels of alert, each of which corresponds to a specific reaction.
For instance, the lowest level may correspond to audible alerts, while the highest
level may involve the taking control of the vehicle to avoid an accident. This thesis
focuses specifically on the estimation of risk, rather than the precise prediction of
collision times.
To achieve this goal, a method is proposed that takes into account a set of instants
sampled along the predicted interval. The collision probability is then calculated
for each sample. This approach allows for the consideration of multiple potential
collision events, as opposed to a singular predicted collision time. Additionally,
the sampling period is sensor-independent, can be freely adjusted during trajectory
prediction, and is finite enough to not interfere with real-time processing.
In this chapter, we present a method for multi-level collision risk estimation for
autonomous vehicles (AVs) utilizing the multi-level perception system previously
described in chapter 4. We will provide a detailed explanation of the method,
including its operational principles and implementation. We will also present an
analysis of the results obtained from simulations of various scenarios, and conclude
with a discussion of the effectiveness and potential applications of the proposed
method.

5.2 Collision risk indicators

We use various evaluation metrics to analyze and evaluate our method, which we
explain in the following subsections. Those metrics are based on the research we
conducted in chapter 1.

5.2.1 Collision probability based on TTC

As it was established in our state of the art, Time to Collision (TTC) refers to
the time it takes a following vehicle to catch up to a preceding vehicle, which is
following it on the right. In our context, it is the time it takes for each object’s
trajectory to be completed. Examination of the criteria for maintaining distance
between vehicles helps to better understand the behavior of following behavior and
traffic flow.
TTC is a projection of the time remaining at time (t) before a future collision
between two vehicles, if they do not change their driving behavior (i.e., their
speed, acceleration, or driving direction). It is compared to the driver’s reaction
time.
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If the TTC is less than the driver’s reaction time, the collision is inevitable. If the
TTC is low, but not less than the driver’s reaction time, subtracting the two values
can give the time remaining for the driver, or an automated collision avoidance
system, to take evasive action.

TTC;j =
(Xj − X − L)

V − Vj
, V > Vj (5.1)

The TTC can be mathematically expressed by the Eq 5.1, with with Xi (respec-
tively Xj ) the positions and Vi (resp. Vj ) the velocity of the following (resp.
leading) vehicle, and Lj the length of the leader.
This indicator must be compared to the driver’s reaction time and the reaction
time of the vehicle’s actuators.
The crash becomes unavoidable if the TTC becomes less than the sum of these
reaction times. In this case, it is no longer a question of avoiding the crash but
rather of limiting the damage of the possible collision.
Projects such as "ARCOS" and "PREVENT" have studied TTC and defined sev-
eral limits to the cooperation between driver and automation.
The Glaser et al method (Vanholme et al., 2009; Glaser et al., 2010a) allows the
generation of collision possibilities which is shown in red in Figure 5.1, the concept
is explained as follow:

• For a TTC of 10 s, vehicle i is assumed to have no interaction.

• A TTC of 1.5 seconds is generally used to trigger a first level of alert.

• When the TTC falls below 1.3 seconds, the system may reinforce the warning.

• If the TTC becomes less than 1 s, the control by the automatism can be
activated.

The Ammoun method (Ammoun, 2007)which is represented in blue in figure 5.1:

• For a TTC inferior to 2sec: in this case, they judge that the shock is un-
avoidable and the risk is maximum regardless of the duration of the shock.

• If the TTC is higher than 5 sec: the driver has at least 5 sec to anticipate
the risk. This time is considered sufficient, that’s why we mark the risk is
minimum.

• The area between the two, i.e. between 2 and 5 seconds, is represented
linearly.

111



5.2. COLLISION RISK INDICATORS

Figure 5.1: The Glaser’s and Ammoun’s Possibilities methods

5.2.2 Collision probability based on Time Inter-Vehicular
(TH)

Time Headway (TH) refers to the time separating two successive vehicles in the
same traffic lane. The traffic law defines a two-second safety TIV. Depending on
the speed, the driver must deduce their safety distance from the vehicle in front
of them. The TIV equation is detailed in (Eq 5.2).

TV;j =
(Xj − X − Lj)

V
(5.2)

Both TH and TTC are safety indices associated with rear-end collisions and are
mathematically related. Therefore, it is possible that these two parameters are in
fact significantly correlated and that a new safety index can be reached based on
them.
To study this relationship, (WINSUM and HEINO, 1996) observed the behavior
of drivers in the driving simulator in two different groups. In the first group, the
speed of the leading vehicle was reduced from 60 to 40 km/h and in the second
group, the speed decreased from 50 to 30 km/h.
TH and TTC were collected and plotted as the drivers began to brake. For the
first group, the TTC at the beginning of braking was between 3 to 6 and the TH
was 1.5 to 2.5 sec, and for the second group, the TTC was between 3 to 6 and the
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TH was 1 to 1.5 sec. The TIV normalized function is computed in equation 5.3:

FTV,j = 2 − TV, ƒ 1 ≤ TTC,j ≤ 2; (5.3)
FTV,j = 1 ƒ 0 ≤ TTC,j ≤ 1; ese 0; (5.3)

5.2.3 The equivalent energy speed (EES)

The Equivalent Energy Speed (EES) (km/h), gives the speed at which a vehicle
would have to hit a static obstacle, such as a concrete wall, to dissipate the same
kinetic energy as that dissipated by the collision of the two vehicles, considering a
complete dissipation of the kinetic energy and the collision of two moving vehicles
By developing the equation, we obtain the equation 5.4:

EES;n = (Vn − V) ×
M

M + Mn
(5.4)

If the two vehicles have equivalent masses, it can be further simplified to the
equation 5.5:

EES;n = (Vn − V) ×
1

2
(5.5)

EES is linked to the Percentage of Fatalities and Serious Injuries, which are injuries
to vehicle occupants through an analysis of the accident database, such as that
commonly used in Europe by the LAB2, (Mangeas, LIVIC, 2003; Demmel, 2012).

5.2.4 Percentage of deaths and serious injuries (G)

G represents the severity of an accident where both vehicles involved have not
changed their speed from the current time. The severity function G(EES) ap-
plied to EES and used in (Glaser et al., 2010b) and in (Demmel, Gruyer, and
Rakotonirainy, 2013) is defined in eq 5.6.

g(Vn;V) = G(EES, n) = G((Vn − V) ×
2.M

M + Mn
) (5.6)

On the other hand, the mathematical equation (eq 5.7) represents the severity of
the accident that would occur if the vehicle (vehn) performed a sudden emergency
braking with deceleration (γ= 0.8g = 7.85 m/s-2), (Demmel, 2012).
Figure 5.2 represents the percentage of serious injuries by EES values.

g(Vn;V − γTTC;n) = G(EES−γTTC;n , n) (5.7)
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Figure 5.2: Percentage of fatalities and serious injuries considering EES (km/h)

5.2.5 Collision risk (R)

The risk R;n for each vehicle is calculated according to the equation 5.8, where g
is a function that calculates the severity of the potential accident using the SEA
and G, which is the transfer function relating the SEA to the probability of injury
or death, constructed from an analysis of car accident databases.
Note that (Demmel, 2012), only the probability of serious injury or death, the
worst case scenario is considered, i.e. the maximum between the two scenarios (no
driver action, emergency braking by the driver γ=0.8 = 7.85 m/s-2)).

RTTC(;n) = PTTC(;n) ×m[g(Vn, V), g(Vn;V − γTTC;n)] (5.8)

Note that the TTC Equation is given in Eq 5.1 and the figure 5.2 represents the
percentage of serious injuries by EES values.

RTV(;n) = PTV(;n) ×m[g(Vn, V), g(Vn;V − γTV;n)] (5.9)

5.3 Uncertainties configuration model

Despite the fact that all of these risk estimation metrics have demonstrated their
worth and efficiency, none of them account for uncertainties and are multidimen-
sional. Indeed as established in the section 1.3.5,an indicator should be able to
integrate important aspects of different environments.
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Figure 5.3: Schematic representation of the vehicle position uncertainties with
ellipsoids representing the vehicular space occupancy (Leroy et al., 2021)

In a simple two-vehicle situation, we believe that a simple risk indicator based on
time such as TTC can be used directly from the perspective of the passing vehicles.
However, when we consider extended perception, there will be additional objects
in the ego vehicle’s perception field. This will allow us to construct a more com-
plex representation of driving risk for the ego-vehicle as well as a different driving
situation. Indeed, when two vehicles are following each other, the risk is accurate;
however, when two vehicles are on different lanes but parallel this close without
any planned lane change, we end up with an inefficient risk estimation because
unfortunately, these metrics consider mainly for the majority distance and speed.
in order to model the configurations existing between two vehicles, an ego-vehicle
and an obstacle vehicle in the driving environment, it is important to have a phys-
ical representation of the two objects.
The vehicle is represented as a rectangle, oriented according to the vehicle head-
ing, with five geometrical points: the center (e, ye) of the rectangle and the four
angles (, y) of the rectangle. Their coordinates are given as follows:

 = e ±
L

2
; y = ye ±

W

2
(5.10)

with L and W respectively the length and the width of the vehicle. +L2 is added
for front points and −L

2 is used to rear points. +W2 is used for upper points and
−W
2 for lower points.
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VEHICLES

In addition, to model the positions uncertainties due to the accelerations of the
moving objects, we assume that the borders of the vehicle shape (space occu-
pancy) are a bit farther away. This means that an acceleration value (uncertainty
on the vehicle dynamics) is applied on the current vehicle or obstacle position-
ing. Therefore, the extended vehicle space occupancy coordinates (′, y′) with
uncertainties become:

′,ƒ ront =  +
ong,m

2
.dt2 (5.11)

′,rer =  +
ong,mn

2
.dt2 (5.12)

y′ = y +
t,m

2
.dt2 (5.13)

With ong,m the maximal longitudinal acceleration, added to the front points,
ong,mn the minimal longitudinal acceleration in normal conditions (no emergency
braking), or maximal deceleration, applied to rear points, +t,m the maximal lateral
acceleration applied to upper points, −t,m applied to lower points. In (Mahajan,
Katrakazas, and Antoniou, 2020), the lateral acceleration is fixed between −0.5 and
+0.5m.s−2.
Figure 5.3 represents the vehicle modeling with uncertainties. Those uncertainties are
therefore used to represent the configurations of the vehicles in space to assess the relative
risk between them.

5.4 Multi-dimensional configurations model between
vehicles

In order to take into account a multiple-dimensional context with uncertainties, one
of the more relevant distance indicators is the distance of Gruyer. This distance has
already been used to assess the distance (similarity) between two vehicles represented
by a probabilistic model of a set of points (two clusters of points). This distance is
introduced in (Demmel, Gruyer, and Rakotonirainy, 2013), and applied to an ego-vehicle
i, and an obstacle  is noted D,. The chosen distance D, is defined as follows:

• First of all, this function D, gives a result scaled between 0 and 1 if the mea-
surement has an intersection with the cluster u. The value 0 indicates that the
measurement i is the same object as the cluster u with complete confidence.

• Secondly, the result is above 1 if the measurement i is out of the cluster u,

• Finally, this distance has the properties of distance functions.
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COLLISION RISK ESTIMATION

Figure 5.4: The distance of Gruyer representation between an ego-vehicle and an
obstacle leader vehicle

The distance function uses both cluster and measurement covariance matrices. The
chosen function computes an inner distance with a normalized part built from the sum
of the outer distances of a cluster and a measurement. Only the outer distance uses the
co-variance matrix information (Eq 5.14):

D, =

Æ

(X − ).(X − )t
Æ

(X − ).(X − )t +
Æ

(X − X).(X − X)t
(5.14)

Figure 5.4 represents the ego-vehicle (measurement) X and the obstacle (cluster) u with
the ellipsoids of uncertainties on their positions. In the normalizing part, the point X
represents the border point of a cluster u (center u). This point is located on the straight
line between the cluster u (center u) and the measurement i (center of X). The same
border measurement is used with the measurement. The computation of X and X is
made with the co-variance matrices R and P.
P and R are respectively the cluster co-variance matrix and the measurement co-
variance matrix. The Gruyer distance can be considered as a special case of other recog-
nized distances such as Batacharyya or Mahalanobis distance. Indeed they all take into
account the variance and covariance matrix and the uncertainty between the vehicles.
The Distance of Gruyer (DG) extended with the consideration of uncertainties on po-
sitions due to accelerations, is expected to fit better than the usual Euclidean distance
between two geometrical points to represent the interactions between two vehicles in a
close vicinity but also when they are driving on different lanes.

5.5 TTC and TH normalized functions for vehicle
Collision risk estimation

The difficulty in dealing with risk estimation in a bi-dimensional space is that extrapo-
lating the vehicle’s respective trajectories does not always result in collision. As a result,
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the proposed two approaching vehicles be represented by a projection on a single axis.
To represent the relative dynamics of the ego and obstacle vehicles, the scalar speed
differential, i.e. the difference between the scalar projections of their speed vectors on
the oriented axis connecting the two vehicles, was chosen. It is important to note that
the axis is constantly changing depending on the relative positions of the vehicles.
To represent the relative dynamics of the ego and obstacle vehicles, the scalar speed
differential, i.e. the difference between the scalar projections of their speed vectors on
the oriented axis connecting the two vehicles, was chosen. the scalar speed differential is
defined in Eq 5.15:

DVsc,j =
−−→
Vego.

( − X)

|| − X||
−
−−→
Vobs.

( − X)

|| − X||
(5.15)

The extended Equivalent Energetic Speed and to apply the severity function related to
the crash severity in Eq 5.16:

EES(DVsc,j ) = DVsc,j .
2m

m +mj
(5.16)

The extended TTC is computed with the scalar speed differential and the intra-class
length c (Eq 5.17). The intra-class length c is computed as the length of the segment
on the directional axis of which extremities are the intersection points with the oriented
rectangle boundaries of the vehicles and the centers of the vehicles. The aim of this
computed length is a similar representation as the modeling used in the computation of
the distance of Gruyer (with rectangles representing the vehicles instead of ellipsoids).

TTCscr =
|| − || − c
DVsc,j

(5.17)

The extended Time Headway is computed thanks to the scalar projection of the ego-
vehicle speed vector

−−→
Vego on this axis (Eq 5.18).

TVscr =
|| − || − c
−−−→
V.ego. (−)||−||

(5.18)

Between the time the driver notices a hazard and the time he executes a maneuver to
avoid it, it takes an average of 1 second for an attentive driver in good condition. This
is the average value that we will use.
During the reaction time (about 1 second), the vehicle continues to move at the same
speed since there is no reaction yet. However, this distance varies according to the speed:
the faster I go, the greater the distance covered in 1 second.
We must therefore be able to estimate the distance covered in 1 second. This will allow
us to deduce the regulatory safety interval to be left between the vehicle in front of me
and mine (2 seconds minimum). Rounding to one decimal place gives us 1.8 seconds.
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Figure 5.5: Our proposed normalized TTC function for the collision possibility

This is the maximum reaction time for the driver of this vehicle to put it in safety.
According to (Vanholme et al., 2009), when the TTC is equivalent to 10s, the vehicle i
is supposed not to have a collision, a TTC of 1 to 5s is commonly used to trigger the
first level of alert, when the TTC goes down is 1 to 3s, the system can reinforce the alert
if the TTC becomes lower than 1s, an automatic decisions collision avoidance system
can be triggered. In our model, which is shown in Figure 5.5, we compute a collision
probability P;n for each vehicle.We propose to use the two extreme values to determine
a collision probability of 0 (for a TTC of 8s) and 1 (for a TTC less than 2s). Between
these values, the probability is linear with respect to the TTC. The Time to collision
normalized function is computed in eq 5.19:

FTTC(TTC,j) =
(8 − TTC,j)

6
ƒ 2 ≤ TTC,j ≤ 8;

FTTC(TTC,j) = 1 ƒ 0 ≤ TTC,j ≤ 2; ese 0;
(5.19)

If the TTC is less than 2 sec: we judge that the shock is inevitable and the risk is
maximal whatever the duration of the shock. Indeed we estimate that the probability of
collision is at the maximum during all the time that takes a driver to react to risk.
If the TTC is greater than 8 seconds: the driver has at least 8 seconds to anticipate the
risk. This time is considered sufficient, so we mark the risk as a minimum. Similarly, the
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Time headway normalized function is computed in Eq 5.20:

FTV(TV,j) = 2 − TH,j ƒ 1 ≤ TV,j ≤ 2;
FTV(TV,j) = 1 ƒ 0 ≤ TTC,j ≤ 1; ese 0;

(5.20)

5.6 Risk indicator based on multi-dimensional and
uncertainties modeling (RIMUM)

This Risk Estimator with Uncertainties and Multidimensional Model (RIMUM) is the
collision probability defined as an extension of the distance of Gruyer with a normalized
collision probability function (Leroy et al., 2021).

RMUM,j = F(D,j) × G(EES(DVsc,,j)) (5.21)

The normalized function associated to the distance of Gruyer in Eq 5.22:

F(D,j) =
1

D,j
ƒ D,j ≥ 1; ese 1; (5.22)

In any dimensional configuration with consideration of the position uncertainties and
the relative dynamics of the vehicles. To provide insight into the possibility to use this
estimator by the autonomous driving systems risk assessment Using the scalar speed
differential, the severity function computes the probability of fatality based on the EES
(Leroy et al., 2021).
It is the sum of two components: collision probability and severity function. It is scaled
from 0 to 1, with 0 representing no risk and 1 representing the greatest risk of a fatal
accident.

5.7 Simulation configurations

For nodes mobility evaluation, modelling and structural analysis, we used the communi-
cation strategy developed and implemented in Matlab software. Moreover, We use the
microscopic traffic simulation software called SUMO to generate vehicle tracks for high-
way scenarios. The mobility scenario is built from a real road network corresponding to a
section of the A27 highway. It’s a three-lane highway road with a west-to-east direction.
Perception is performed by a simple modelling and simulation of onboard sensors. The
characteristic of these sensors are a small field of view and a short range limited to 200
meters of visibility. This perception allows to detect only frontal obstacle in the ego-lane
with a straight road geometry.
GPS data is obtained with a simple modelling (either perfect positioning or noised posi-
tioning with a Gaussian uncertainty). GPS data (vehicle position providing by mobility
data coming from SUMO) is available through communication means between cluster
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members. The communication range is up to 500 meters with free space propagation
channel.
To investigate the risk of collision, we must create risky situations between vehicles
travelling on the same route without threat. To study this collision risk in the perfect
localisation scenario, we extracted the vehicles to be studied from our given Sumo file
and intentionally cause a collision in real time by changing the dynamics of the vehicles
involved (velocity). To generate collisions by remapping the state vector by using a linear
model. Details about uncertain perceptions are given in the section 4.4.

5.8 Collision risk levels

CAVs can improve their sensing capabilities if vehicles exchange information about what
they are sensing in the CPM using V2X communications.
We propose to use the distributed, connected, and dynamic communication strategy
of CBL-G which takes into account the information of the vehicles that are close (the
leaves) by cluster to allow the calculation of local risk first (within the cluster), then the
extended risk estimation (outside of the cluster) and finally global risk. By using both
sensor’s perception and inter-vehicle communications (sharing of the local perception
by each node) we can achieve risk estimation at different levels. The diagram in figure

Figure 5.6: Illustration of our collision risk multi-levels propositions

5.6, depicts the four levels of collision risk: the two local collision risks: local risk, and
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Table 5.1: simulation configuration for local risk scenarios
Risk estimation Scenarios Situations

E1:Collision
from the back

Scenario 1: Perfect localization,
certain perception

E2: close driving
in parallel lane
E1: Collision
from the backLocal Risk Scenario 2: Perfect Localization,

uncertain perception
E2: close driving
in parallel lane

extended local risk, which are calculated based on local perception, i.e. by the vehicle’s
onboard sensors. Which are limited in their perceptive capacity, and the surrounding
obstacles (vision fields). The two extended and global collision risks, are calculated from
the information collected during the communication exchanges, i.e. from the objects
detected by the on-board sensors of the vehicles with which there is communication
thanks to the CBL-G algorithm, which allows to widen the field of vision of the vehicle
and not to be limited to the local perception of the vehicle.

5.8.1 Local collision risk
The local risk is the risk calculated by each vehicle based on its local perception defined
in section 4.3.1. In this section, we will estimate the risk of collision between two vehicles
locally in two different scenarios. For each scenario, the normalized risk functions of the
extended TTC in Eq 5.19, the extended TH in Eq 5.20, and the extended distance of
Gruyer (DG) in Eq 5.22 are computed, as well as the risk associated to TTC in Eq 5.8
and TH in Eq 5.9 and the risk indicator based on multidimensional and uncertainties
modeling (RIMUM) in Eq 5.21. The simulation parameters are summarized in table 5.1.

5.8.1.1 Scenario 1: good conditions

Good condition scenario, the vehicles have a perfect location (without uncertainty). The
perception of the vehicles is perfect in their field of perception which is limited to the
capacity of the front radar (200m). The communication is perfect in the cluster (instan-
taneous, without delay, and without loss). For the local risk estimation (5.7), scenarios
are presented as follows:

1. The ego-vehicle collides with a slower obstacle vehicle from the back on central
lane (E1).

2. The ego vehicle drives in lane 2 in the parallel lane of the lead vehicle (obstacle
vehicle) which is driving in lane 3 (E2).
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Figure 5.7: schematic illustration of the scenario 1 E1

Figure 5.8: schematic illustration of the scenario 1 E2

For the E1: the vehicle E is the ego vehicle positioned at 205 meters, lanes 2 with 35m.s-
1 speed. Vehicle 1 is the obstacle leader positioned at 370 meters, lane 2 with 15m.s-1
speed.

For the E2: the vehicle E is the ego vehicle positioned at 431 meters, lanes 2 with
20m.s-1 speed. Vehicle 2 is the obstacle leader positioned at 491 meters, lane 1 with
20m.s-1 speed.

5.8.1.2 Scenario 2 Degraded condition

For this scenario, we will study the perception uncertainty and perfect localization sce-
nario, The vehicles have a perfect localization (without uncertainty: GPS RTK++), The
perception of the vehicles is imperfect in their perception field as we can see it in figure
4.10. The perception field is limited to 200m. The communication is perfect in the clus-
ter (instantaneous, without delay, and without loss).
For the Scenario 2 - E1 as shown in Figure 5.9: vehicle E is the ego vehicle positioned
at 205 meters, lanes 2 with 35m.s-1 speed. Vehicle 1 is the obstacle leader positioned at
370 meters, lane 2 with 15m.s-1 speed. For Scenario 2 - E2 as shown in Figure 5.10:
Ego vehicle (E) is positioned at first 431 meters, lanes 2 with 20m.s-1 speed. The leader

Figure 5.9: Scenario 2 E1
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Figure 5.10: Scenario 2 E2

vehicle (2) is positioned at 491 meters, lane 1 with 20m.s-1 speed.
We will use kalman filter (Iglesias, Law, and Stuart, 2013), which is well known for its
applications of data assimilation to state and parameter estimation, to simulate our un-
certain perception, precisely to predict the vehicle’s behavior (its next position) at the
next moment regarding the system and sensor’s noise, Because it is calculated from the
data returned by the sensor, GPS noise is not taken into account in this structure. When
there is perception uncertainty, the figure 5.11, depicts an example of the real positioning
(green square) of a vehicle and the new positioning values (red diamond) obtained by
applying the Kalman filter to our application, indeed we add noise to the signal then we
estimate the position using the Kalman filter.

Figure 5.11: Representation of the real vehicle position superimposed on the es-
timated location obtained by applying a white Gaussian noise in Kalman filter
method.
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5.8.1.3 Analysis and discussion

The normalized risk functions of the extended TTC, extended TH, and extended dis-
tance of Gruyer (DG) are computed for each scenario, as well as the risk associated with
TTC and TH and the risk indicator based on multidimensional and uncertainty modeling
(RIMUM).
In scenario 1-E1, The probability functions of both the extended TTC and the extended
TH show a maximal collision probability of 1 in this scenario even though the ego-vehicle
and the obstacle do not actually collide in scenarios 1-E2, since they are not on the same
lanes. On the contrary, the probability function of DG presents a maximal value lower
than 1 (0.7 for scenarios 1-E2). The collision happens at 9 s, the risk increase to 1 for
the three estimators (extended TTC, extended TH, and RIMUM). The risk curves of
extended TTC, extended TH and RIMUM are very similar to the collision probability
curves related to TTC, TH and DG. That is explained because in this scenario, the risk
related to EES is maximal with a scalar speed differential constantly equal to 20 m.s-1.
The results on the scenario 1 -E1, show that both the collision probability related to

Figure 5.12: Scenario 1- E1 extended TH et TTC,Risk based on TH, Risk based
on TTC

the distance of Gruyer and the RIMUM reach 1 at the exact moment of the collision.
Regarding the fatality risk, RIMUM values are low in scenario 1-E2. This is not only
because when the scalar speed differential is lower than 7 ms-1, the severity function is
null. It is also due to the function that was used to normalize the distance of Gruyer.
TTC-based risk and TH based prompt a risk that reaches 0.15 which means 15% of
fatality probability. This is a high value considering the studied scenario where vehicles
are not evolving on the same driving lane. RIMUM still shows a high value 0.07 but is
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lower than TTC and TH-based risk estimators. In this situation, RIMUM is then more
realistic than TTC and TH-based estimators However TTC and TH-based estimators
are more efficient regarding anticipation.
In scenario 1-E1, the TTC risk and TH risk increase earlier and faster than the RIMUM
and therefore can be more efficient for anticipation, while the RIMUM risk increase is
closer to the collision time. That can be explained because both TTC and TH-based risks
are maximal several seconds before the actual collision, while the RIMUM is maximal
only when the two vehicles actually collide.
Although the ego-vehicle and the obstacle do not actually collide in scenario 2 - E2, the
probability functions of both the extended TTC and the extended TH show a maximum
collision probability of 1. The probability function of DG, on the other hand, has a
maximum value less than 1 (0.72 for scenario E2) which is more realistic. Furthermore,
in scenario 1- E2, the collision probability function estimated by extended TH reached 1
approximately 2 seconds before the actual occurrence of overtaking, which is not realistic.
TTC-based collision probability reaches 1 approximately 1.8 seconds before overtaking.
The probability functions of both the extended TTC and the extended TH show a max-
imal collision probability of 1 in this scenario 2- E2 even though the ego-vehicle and the
obstacle do not actually collide in scenarios 1-E2, since they are not on the same lanes.
The DG probability function has a maximum value of less than 1 (0.77 for scenarios 1-
E2). This value is higher than for the first scenario because of the perception uncertainty:
indeed, the position of vehicle 2 is closer to vehicle E than it was in scenario 1-E1.
The extended TTC, extended TH, and RIMUM risk curves are very similar to the colli-
sion probability curves for TTC, TH, and DG. This is explained by the fact that in this
scenario, the risk of EES is maximal, with a scalar speed differential that is always equal
to 20 m.s-1. In terms of fatality risk, RIMUM values in scenario 2-E2 are low. This is not
only because the severity function is null when the scalar speed differential is less than
7 ms-1. It’s also because of the function that was used to normalize Gruyer’s distance.
TTC-based risk and TH-based risk prompt a risk of 0.17, indicating a 17% chance of
fatality. Given the studied scenario, where vehicles are not evolving on the same driving
lane, this is a high value. RIMUM has a high value of 0.072, but it is lower than TTC
and TH-based risk estimators. RIMUM is thus more realistic than TTC and TH-based
estimators in this situation.
In scenario 2-E1, with the leading slower vehicle on the same lane as the ego-vehicle, the
TTC and TH risks rise earlier and faster than the RIMUM, making them more efficient
for anticipation, whereas the RIMUM risk rises closer to the collision time. This is ex-
plained by the fact that both TTC and TH-based risks are at their peak several seconds
before the actual collision, whereas the RIMUM is at its peak only when the two vehicles
collide. In the following section, we will define our extended risk levels in our structure
and organization of AV in CBL and how to exploit them in order to have different levels
covering the maximum number of possible routes.
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Table 5.2: Simulation scenarios and configuration
Risk estimation Situation Scenarios Density

S1 Low density
S2 Medium density

Scenario A:
Localization perfect
perfect perception S3 High density

S1 Low density
S2 Medium density

Extended local risk Scenario B:
Localization perfect,
uncertain perception S3 High density
Scenario A:
Localization perfect
perfect perception

S2 Medium density

Extended branch risk Scenario B:
Localization perfect,
uncertain perception

S2 Medium density

Scenario A:
Localization perfect
perfect perception

S2 Medium density

Global risk Scenario B:
Localization perfect,
uncertain perception

S2 Medium density
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5.8.2 Extended local collision risk
The extended local risk is the risk calculated by the branch using the cooperative CBL
application and the built local extended perception through communications.
which implies that we will have for each Branch (B) a number of risks (R):
{R{, B}, ...R{n,B}} with i ∈ [1, n], n the number of leaves in the cluster, i ̸= B .
The number of leaves per branch in CBL-G is around 1,94 for a low density scenario (S1),
4,75 in a medium density (S2) and 7,03 in a high density (S3). However due to perception
limitation the local risk per branch is 0,5 in a low density (S1) and 3,48 for a medium
density (S2) and 5,89 for a high density (S3). Which translate by an inconsideration
of important data and i.e. a loss of risk estimation: 75% for (S1), 26,74% for (S2) and
16,22% for (S3). To correct this , we propose to use the local extended perception that
we defined in section 4.3.2.
We illustrate our scenario in figure 5.13, for this extended local risk estimation we will

Figure 5.13: The CBL extended local risk scenario in a medium density high way
environment

be performing simulation in a high way environment using CBL structure and the local
extended perception, the ego vehicle is the branch B1 of the cluster 1 illustrated by the
blue leading vehicle. Its average velocity is 12m.s-1.
The obstacles are the 2 following leaves (L2 and L3) illustrated by the gray vehicles.
Their perspectives velocity are 34m.s-1 and 26m.s-1. The local perception map of the
ego-vehicle is obtained using RADAR or Light Detection and Ranging (LiDAR). The
localization uses a GPS.
Because branch B1 can only perceive the leading leaf L1 and cannot see the two leaves
L2 & L3, there are potentially two risks that are ignored R2:{B1,L2} and R3:{B1,L3}.
By using our extended local perception method we can detect two new extended local
risks: R2{B1,L2} and R3 {B1,L3}. The risk between the branch B1 and the leaf L2,
R2 {B1,L2} is represented in figure 5.8.2. Vehicle B1 and L2 collide at 5sec in this
scenario, The extended TH exhibits an exponential value 2 seconds prior to the actual
collision, reaching its maximum collision probability value one second prior to the colli-
sion. Extended TTC shows an exponential collision probability from 1 sec to 3 sec, and
a maximum value of 2 sec before the actual collision.
If we consider a critical hazard threshold at risk value 0.7, then the driver will be alerted
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Figure 5.14: screenshot of the scenario of extended local risk scenario in a medium-
density high way environment of CBL

2 seconds before the collision with the extended TH considering the minimum reaction
time is 2 seconds, considering that the minimum reaction time is 2 seconds, so this warn-
ing time is very short and allows only emergency braking. On the other hand with the
extended TTC the driver will be alerted 5 seconds before the collision which is still a
short reaction time but still longer than the extended TH. Those values are efficient for
anticipation however they saturate the risk to its maximum several seconds before the
actual collision thus they are not realistic. For R3 at the beginning of the simulation,
the risk is null it starts increasing as the vehicles get close to each other, on the contrary
for R1 at the beginning of the simulation is 0.18 and decreases since the vehicles drift
apart.
The global risk (GR) of the cluster is the maximum risk the branch has with its leaves
and the maximum of the branch risk with its upstream and downstream branches.
GR=Max{RL,RB} with RL=Max{R{B,i}...,R{B,n}} being the maximum branch to
leaf’s risk with n the leaves number in the cluster.
RB=Max{R{B,Bpstrem}, R{B,Bdonstrem}}being the maximum branch to branch
risk. We achieved two goals as a result of the extended local risk: the first was to raise
the perception of the branch to the same level as the number of leaves in the cluster; we
noticed that the number of leaves in the cluster is 1.94 in a low-density scenario (S1),
4.75 in a medium density (S2), and 7.03 in a high density (S3). However, there was a
loss of risk due to the limiting perception when using the local perception: the local risk
per branch is 0.5 in a low density (S1), 3.48 in a medium density (S2), and 5.89 in a high
density (S3) .
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Figure 5.15: Extended local Risk of R2
{B1,L2} and collision probabilities for
the CBL scenario (A) based on TTC

Figure 5.16: Extended local Risk of R2
{B1,L2} and collision probabilities for
the CBL scenario (A) based on TH

We estimate the average of the extended local risk equivalent to the number of leaves
per cluster using the extended local perception, which is 1.94 for a low-density scenario
(S1), 4.75 for a medium-density (S2), and 7.03 for a high-density (S3) i.e. 100% of the
average number leaves per cluster are considered for a collision risk estimation with their
branch .
The second goal is to be able to calculate all of the potential risks earlier within our
cluster without being constrained by the embedded equipment’s perception. Although
B1 had a unique local risk R1{B1,L1} , we were able to estimate two new extended local
risks R2{B1,L2} and R3{B1,L3} using this method. R2 is the higher risk of all of them.
We could estimate the danger of the second risk 5 seconds before the collision. The
results of scenario B are very close to those of scenario A (the difference is to the nearest
cent).

5.8.3 Extended branch Collision risk

The extended branch risk is the risk calculated by the branch in the CBL-G structure from
the information transmitted by the adjacent branches ( Upstream & Downstream) of the
ego vehicle. i.e their local perception. This implies that we will have for each Branch (B)
a number of risks (R): {R{B,BUpstrem}, R{B,Bdonstrem}, R{B, },....R{B, n}}
with i ∈ [1, n], n being the number of perceived vehicles by the adjacent branches.
The branch B2 is the branch of cluster 2, its local perception of B2 is empty, while its
extended local perception contains the leaves belonging to its cluster (L1,L2,L3,L4).
The two adjacent branches of B2 are B1 (the branch of cluster 1) and B3 (the branch
of cluster 3), indeed vehicle B1 perceives the vehicle L6, while B3 perceives two vehicles:
L5 and L3.
All of these vehicles (B1,B3,L3,L5,L6) are outside of B2’s perception range. So for

130



5.8. COLLISION RISK LEVELS

Figure 5.17: The extended local Risk
probabilities (R1,R2,R3) of B1 in the
CBL scenario A

Figure 5.18: The extended local risk Ri-
mum probabilities (R1,R2,R3) of B1 in
the CBL scenario A

the vehicle B2 extended risk branch estimation, it will be considering multiple risks:
R{B2,B1},R{B2,B3}, R{B2,L3}, R{B2,L5} and R{B2,L6}.

Figure 5.19: Schematic diagram of scenario A: extended branch perception of
branch B2 in cluster 2 with correct perception and perfect localization

The extended branch risk scenario is represented in figure 5.19. Unlike the other risk,
vehicle L3 is a member of the second cluster B2, so the risk between vehicle B2 and L3,
R{B2,L3}, is estimated in the extended local risk of B2. The branches’ inter-distance
between B1, B2, and B3 is 500 meters. Vehicle B2 is in lane B at 15m.s speed. Vehicle
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L5 is in lane A with 32m.s speed. Extended branch risk of B2 and L5 is R5{B2,L5}. R5
results show that the risk is low since the speed difference is 5m.s; However, it showed an
increase at second 19 when vehicle L5 overtakes vehicle B2. Regarding the risk, RIMUM
has a very low value (0.17) which can be explained by the differential speed which is
equal to 5m.s but also regarding the severity function is null; for the extended TTC and
TH values which are low (0.49 and 0.42) but still high considering this driving situation
since the vehicles are in different lanes, for this case RIMUM has the lowest value thus
is the most realistic.
We observe that the perception of the downstream branch is part of the ego branch’s
local extended perception, which creates a redundancy. Indeed the detected vehicles
in the extended branch perception are most of the time already present in the local
extended perception which creates a duplication of risk assessment since this risk is
already calculated at the level of the extended risk of the ego branch.
On the other hand, we noticed that extended branch risk based on the Upstream branch
perception, brings a new perception and thus allows us to estimate a more distant risk
which makes it more relevant. Following these results, we will only use the perception
of the upstream branch in our future works. Nonetheless, this discovery is not a flaw,
but rather a strength of the method. This redundancy can be used to improve the
certainty, reliability, and robustness of the risk indicators that use it. As a result, more
risk estimation will be required.

5.8.4 Global collision risk

This is the risk calculated by the branch nodes only, based on the information collected
from the communications outside of the clusters i.e. indirect communications between
branches that are at more than one hop away. Figure 5.20 represent the section of the
road studied in the context of global estimation The scenario of global risk estimation
is described as follows: the ego vehicle is the branch B3 illustrated in figure 5.20. The
neighboring branches are B2 and B4. The vehicle B3 perception contains vehicle B4, the
perception of the vehicle of the downstream branch B2 contains vehicles B3 and B4, and
the perception of the upstream branch B4 does not contain any vehicles. In this case,
these neighboring branches (one hop) do not give the ego vehicle (B3) the possibility to
add new vehicles to its perception outside its two neighboring branches (up & down).
However the global risk is based on the extended local perception of the branches beyond
one hop, so to calculate the global risk of the branch (B3), we use the extended local
perception of the B1 and B5 branches, i.e. the leaves: L1, L2, and L3. Global risk
between the branch (B3) and the leaf (L1) is the risk R1{B3,L1}, the global risk between
the branch (B3) and the leaf (L2) is the risk R2{B3,L2} and the global risk between the
branch (B3) and the leaf (L3) is the risk R3{B3,L3}. The overall global risk of branch
(B3) is GR= Max{R1,R2,R3}.
In this scenario, we do not create any risk situations; instead, we estimate the overall
risk. B3 travels in the second lane at an average 35m/s speed, while L2 travels in the
third lane at about 26m/s speed. The collision probability evolution is shown in figure
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Figure 5.20: Road section studied in the context of the global risk estimation

Figure 5.21: Representation of collision risk R3{B3,L3}
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5.23.

Figure 5.22: Representation of collision risk R1{B3,L1}

The vehicle (L3) is traveling in the third lane at a speed of 29 meters per second. This
means that the L3 vehicle and the ego vehicle are nearby and parallel. In a longitudinal
position, the two vehicles are less than 4 meters apart at moment (6s). this type of
scenario can be considered similar to the scenario1-E2 studied for the estimation of the
local risk.
Vehicle L1 is driving in the same lane and behind vehicle B3 at a speed close to the B3
branch speed (35m/s). At the start of the simulation the distance between B3 and L1
is 100m, so the R1 risk should be very low. To simulate a risky situation we adapt the
speed of the rear vehicle, i.e. we assume that the driver accelerates until reaching the
speed of 45m/s; the collision happens at 14 second.
By using the global risk we have estimated a collision risk 7 seconds before the actual
collision. Indeed the local risk of B3 allows us to estimate only one close risk (with
B4), however, the global risk allows us to estimate many new distant risks (R1, R2, R3)
represented in figure 5.21, 5.22 and 5.23 by their definitions, these risks are physically
distant for the most part and the level of risk remains low however in term of anticipation
it proves to be effective. Indeed if we charge the RSU or another element to launch an
alert system with a threshold of 0.6 for example, we will be able to detect the vehicle 14
seconds ahead and anticipate the risk of collision by 7 seconds.

134



5.9. CONCLUSION

Figure 5.23: Representation of collision risk R2{B3,L2}

5.9 Conclusion

In this chapter, we developed a multi-level method for estimating risk in highway situ-
ations involving various dimensions by utilizing an adapted risk estimator. By applying
this approach and calculating extended and global risks, we are able to anticipate crit-
ical distance scenarios, providing ample time for safe reactions. We demonstrated how
detecting risks from a distance can result in significant time savings for drivers. In our
simulations, we evaluated our method against various risk indicators such as extended
TH, TTC, and DG,RISK, RIMUM. We considered two examples of collision risk sit-
uations (front collision, rear collision) in two scenarios: one in optimal conditions and
another in degraded conditions that include perception uncertainty. For the latter sce-
nario, we applied the Kalman prediction method. Our results indicate that the collision
probability values between the two scenarios differ by only around 2% error rate.
In our analysis, we found that the collision probability functions estimated by extended
TTC and TH are better for anticipating collision scenarios, as they provide early warn-
ings. However, the extended distance measurements used by Gruyer and RIMUM better
reflect the reality of the situation. Additionally, the TTC and TH-based risks do not con-
sider any potential evasive actions by the vehicles, while RIMUM is reactive to potential
collision avoidance maneuvers. Our results also indicate that the collision probability
related to DG and RIMUM are better suited for motion planning in characterizing the
reality and dynamics of vehicles in overtaking and crossing situations on multi-lane con-
figurations more accurately than the extended TTC and extended TH. Furthermore,
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collision probability related to DG incorporates uncertainties and sensitivity to unfore-
seen events due to its reversible nature, which can help with motion planning.
In conclusion, the extended perception capabilities of VANETs provide us with the abil-
ity to detect the presence of a vehicle with potentially dangerous behavior. However, the
method of risk estimation is critical because it directly impacts the effectiveness of the
collision avoidance system. If the risk estimation is based on real-time data, the alert
is only given at the moment of collision even though it was detected long time before,
leaving the driver no time to react and avoid the impact. Therefore, the method of risk
estimation is equally, if not more important, than the detection of the vehicle in advance.
An accurate and reliable method of risk estimation is crucial to ensure the safety and
security of vehicles on the road.
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6.1. GENERAL CONCLUSION

6.1 General conclusion

The widespread deployment of automated vehicles on public roads has the potential to
drastically alter today’s transportation modes. Despite the fact that this pursuit began
decades ago, there are still open challenges in reliably ensuring that such vehicles operate
safely in open contexts. While functional safety is a well-established concept, measuring
a vehicle’s behavioral safety is still a work in progress. It is critical to investigate the
various communication algorithms involved in the design of active embedded systems.
In this thesis work entitled "Multi-level risk and collective perception for high quality
of service automated mobility in a highly dynamic V2X connected environment", we
have addressed several questions. The first one is automated vehicle communication re-
lated. The goal is to improve communication between the entities that comprise the road
ecosystem: cooperative vehicles, RSU, road users, infrastructure managers. This enables
a more robust and efficient deployment of automated mobility services. By gaining access
to remote information from mobile objects or fixed infrastructures and utilizing it, it is
possible to broaden the perception range and, as a result, improve its quality.
Firstly, the central objective is to have a vehicular communication system that allows
V2V and V2I communication in a simultaneous and interoperable manner. Next is a
robust algorithm that is able to maintain a high connectivity quality even in degraded
conditions according to the actual road conditions.
Many scientific studies have demonstrated the value of the clustering scheme as a model
for node organization and route typologies in high traffic density environments. After
conducting a comparative study of the existing models in our present state of the art,
we have oriented ourselves towards an extended model of the Chain Branch Leaf (CBL)
algorithm. Which has proven to be an efficient clustering hierarchy builder between
communication nodes that uses direct communication through one hop without the need
to go through an intermediate node. The deployment of automated vehicles on public
roads has the potential to significantly change current transportation modes. Despite
the fact that research in this area has been ongoing for decades, there are still challenges
in ensuring the safe operation of these vehicles in open contexts. Functional safety is
a well-established concept, but measuring a vehicle’s behavioral safety is still a work in
progress. It is essential to investigate the various communication algorithms involved in
the design of active embedded systems.
In this thesis, we address several questions related to automated vehicle communication.
The primary goal is to improve communication between the entities that make up the
road ecosystem, such as CV, RSUs, road users, and infrastructure managers, in order
to enable a more robust and efficient deployment of automated mobility services. By
gaining access to remote information from mobile objects or fixed infrastructures, it is
possible to broaden the perception range and improve its quality.
The central objective is to have a vehicular communication system that allows for both
V2V and V2I communication in a simultaneous and interoperable manner. Additionally,
we aim to develop a robust algorithm that can maintain a high connectivity quality even
in degraded conditions.
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Many scientific studies have demonstrated the value of the clustering scheme as a model
for node organization and route typologies in high traffic density environments. After
conducting a comparative study of existing models, we have chosen to use an extended
version of the CBL algorithm. This algorithm has been shown to be an efficient de-
centralized clustering hierarchy builder that uses direct communication through one hop
without the need for an intermediate node. Our extended model CBL-I has proven its
efficiency in terms of adaptation to the infrastructure, indeed the communication struc-
ture (the chain) is maintained in both use cases. we explored the RSUs in the two known
states in the initial CBL UC1: free (leaf or branch) and UC2: Branch.
We were able to observe the nodes behavior in an ideal infrastructure deployment envi-
ronment first and then their evolution in degraded situations such as vehicles leaving an
infrastructure area, vehicles entering an infrastructure area, lack RSUs deployment o the
road or technical problems on some of them and RSUs as a relay point in blind area.
For the first use case in which the RSUs are free, demonstrate that for all of the previously
explained distribution modes, the RSUs automatically transform into branches, thus we
conclude that the RSUs are the best candidates for building a stable chain. The CBL-I
has proven its hybrid capabilities by adapting to all situations in order to maintain a
strong chain. We were able to expose our observations in our paper (Belmekki et al.,
2020).
However for the connection/stability link’s, we noticed that UC1 has a longer link du-
ration of about 25 s, resulting in more transmissions. In the second use case, the link
duration is approximately 10 seconds. This behavior is caused by the fact that a leaf
can be attached to a vehicle branch using free RSUs. As a result, the connection is
extended. In contrast to the UC2, there will be a disconnect whenever the vehicle leaves
RSU coverage. which is unlikely for a strong connection. In line with these findings, we
focused the next stage of our thesis’s research on the gateway.
To ensure optimal communication coverage, we proposed a suitable communication archi-
tecture CBL-G which includes strategies and mechanisms for employing dynamic com-
munication clustering of vehicles and infrastructure resources. The main objective of
CBL-G is to provide optimal communication coverage while managing potentially iso-
lated clusters of vehicles. Indeed, we have investigated the role of gateway that we assign
to the RSU in CBL-G. We published our results in our paper (Belmekki, Gruyer, and
Tatkeu, 2022).
In our model, Only branch and remote nodes can connect to the RSU when necessary,
reducing the number of vehicle nodes requesting resources from the RSU at the same time
and avoiding network congestion. Indeed, by combining V2V communications with V2I,
it is able to solve the problem of the rate of isolated nodes in high density by decreasing
the rate from 1.5% to 0 %, and decreasing the rate of isolated nodes in low density from
14.23 % to 0 %.
Based on our findings, we proposed deployment and communication topology recommen-
dations for the following configurations and modes: V2V with only CBL, V2I with only
UC2, or a combination of vehicles and infrastructure equipment with CBL.
After establishing our system’s optimal coverage, we investigate another aspect of our
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thesis research by using our model to deploy multi-level embedded collision risk estima-
tion systems for automated vehicles. These systems rely on extended perception and
vehicular communication to make decisions and perform maneuvers based on an esti-
mation of perceived risk. The design of automated vehicles involves repeating the steps
of perception, interpretation and understanding, risk estimation, decision-making and
planning of trajectories and maneuvers, and finally execution of the action. It is crucial
to estimate the risk of the current situation according to the attributes of the scene’s key
components obtained from the vehicle’s perception. To react or estimate that a situation
is dangerous, an automated vehicle must anticipate risks, both near and far, and there-
fore, we propose the concept of multi-level perception and multi-level risks. In most cases,
the risk is calculated using locally available information, such as TTC or TIV, to which
a collision probability is applied. However, new operators have emerged, attempting to
be more comprehensive and representative of the road situation’s complexities such as
RIMUM metrics. These metrics, however, remain local and are primarily used to react
to an event rather than predict it.
Remote information sent from infrastructure or other road users is required to allow the
anticipation of risk situations. As a result, methods for dynamically grouping single-
hop communication nodes have been proposed. Within the framework of this thesis,
we proposed to use our architecture and adapted communication strategies that take
into account the information of the vehicles surrounding the ego-vehicle to allow, on the
one hand, extended perception, and on the other hand, extended risk estimation. Our
proposed communication system, CBL and CBL-G, are both appropriate and effective
for distributed processing tasks such as extended dynamic perception and estimation of
local, extended, branch-extended, and global risk metrics.
We began by defining the levels of extended perception that are unique to our commu-
nication system. Extended perception is the perception of cluster members shared with
their cluster head, which allows the cluster head to perceive what its leaves are doing.
Extended perception is a crucial aspect of cluster-based communication systems, where
a cluster head coordinates and manages a group of nodes, known as leaves. By sharing
their perception with the cluster head, leaves can provide a more comprehensive view
of the environment, including the presence and movement of other vehicles, road con-
ditions, and traffic congestion. This shared perception allows the cluster head to make
more informed decisions and take appropriate actions to ensure safe and efficient naviga-
tion of the road network. Therefore, extended perception can help the cluster head to see
through the whole cluster, represented by the branch, and enable effective communica-
tion and coordination among the nodes in the cluster. Next, we determined the branch’s
extended perception, which allows the central branch to receive perceptions from its up-
stream and downstream, which it would not be able to see if only the equipment on
both sides was used. Finally, we discussed global perception, which is the sharing of the
perception of branch nodes that are farther away than the upstream and downstream
branches of the ego-vehicle, providing a global perception of the road.
We incorporated ETSI’s CPM into our algorithm, which allowed us to transmit on-board
unit information. We then implemented all of these extended perceptions in our CBL-G
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algorithm, resulting in the ability to recover vehicle perceptions via our communication
system. Finally, with all of this information gathered, we can estimate the collision risk
levels according to the perception level.
With the goal of building a more complex representation of driving risk for both the
ego-vehicle and different driving situations, we reviewed the most pertinent risk indica-
tors in the current scientific literature. Most of them demonstrated their efficiency in a
simple two-vehicle situation. However, when we consider extended perception, there will
be more objects in the ego-vehicle’s perception field.
From a theoretical standpoint, we must consider as many parameters as possible, which
is why we have included more vehicle attributes such as mass, dimensions (length and
width), acceleration, capes, and energy equivalent speed. The challenge in dealing with
risk estimation in a bi-dimensional space is that extrapolating the respective trajectories
of the vehicles does not always result in collision. As a result, we propose that the two
approaching vehicles be represented by a single axis projection.
We deployed the risk indicator based on multi-dimensional and uncertainties modeling
(RIMUM) on our model, which performs in any dimensional configurations with consid-
eration of the position uncertainties and the relative dynamics of the vehicles. We used
it to estimate the multi-level risks in two scenarios: good conditions (perfect localization
and perception) and degraded conditions (the perception uncertainty and perfect local-
ization scenario) for both of them, we simulated two types of collision.
RIMUM can plan movement more accurately by characterizing the reality and dynamics
of vehicles in passing and overtaking situations on multiple lane configurations. The
results reveal that RIMUM better describes the reality of the situation as it is reactive
to a potential collision avoidance maneuver. It defines the fatal accident risk by incor-
porating the severity due to relative dynamics and thus better describes the expected
damage during a hazardous event. The fatality risk calculated in RIMUM is also ad-
equate for non-collision situations. The risk metric RIMUM gives a risk indication at
the exact moment of the risk because it is based on real-time data from sensors in the
vehicles, such as speed and direction, to calculate the risk of a collision in real-time. On
the other hand, temporal based risk such as TTC or TH are more anticipatory in nature
as it predicts the risk of a collision based on the time it would take for two vehicles to
collide if their current trajectory does not change. It calculates the time that is left for
the driver to react and avoid a collision. Since it is based on predicted information, it
gives a better anticipation of the risk compared to RIMUM which is based on real-time
data. In conclusion, while RIMUM provides a real-time risk indication, TTC-based risk
can provide better risk anticipation, making it more effective in helping drivers avoid
potential collisions.
In conclusion, we believe that our research work has resulted in a good optimization of
the automated vehicle system. We have proven the interoperability and adaptability of
CBL to the infrastructure in CBL-I and then improved this communication system by
optimizing the coverage with our second model, CBL-G. We then used this system for
multi-level perception and used these extended perceptions to estimate collision risk at
several levels. For risk estimation, we have established that RIMUM is more realistic.

141



6.1. GENERAL CONCLUSION

We recommend the collision probability function estimated by the extended TH and the
TTC-based collision probability for local risk and extended local risk in a one-dimensional
collision configuration, as they result in good anticipation management. However, the risk
of death calculated from RIMUM is still adequate for two-dimensional or collision-free
situations, while the risks based on TTC and TH are excessive given the configurations.
For the extended branch risk and the global risk, RIMUM and the DG probability func-
tion seem to be more adequate as they allow a realistic estimate for a distant event by
definition. In conclusion, the values obtained by RIMUM are more accurate in general.
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6.2 Perspectives on future Work

In future work, we plan to extend our study of vehicle risk to include specific configura-
tions such as road intersections, highway insertions, highway exits, and roundabouts.
In addition, we want to assign additional functions to RSUs in the CBL-G method, such
as global risk management. Another situation we want to study is the impossibility to re-
cover the location between the nodes via the chain which can be explained by the passage
in a tunnel (figure 6.1) for example; in this case, the RSUs are in charge of relaying the
information and sending it to the concerned vehicles so that they can estimate their risk
on the one hand local extended and then global which will be relayed by several RSUs
located further on the road. We believe that the insights offered in this perspective have
important implications for future research and practice in collision risk estimation. In
order to share these insights with a broader audience, we plan to submit this work for
publication in a leading journal such as Springer. In order to be more comprehensive

Figure 6.1: Tunnel scenario for global risk managed through RSU in CBL-G

and efficient, we also plan to take into account the complexity of the road scene. As we
have highlighted, the road scene includes many "actors" that must be considered when
estimating the risk of a situation, including obstacles, the road, the ego-vehicle, the envi-
ronment, and the driver. To achieve this, we will propose fusion operators that take into
account the uncertainties and constraints of each actor. that the proposed solutions and
advancements in collective perception for CAVs come with limitations and challenges.
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One major challenge is the real-time processing and handling of large amounts of data
generated by multiple vehicles. This data must be processed quickly and accurately to
ensure the safe operation of CAVs. Additionally, the communication channels used for
the exchange of collective perception information must be secure to prevent malicious
attacks and interference.
Another challenge is ensuring the interoperability of collective perception systems across
different regions and countries, as well as between different types of vehicles. Finally,
there is still a need for further research and development to improve the reliability and
accuracy of collective perception systems, and to address any unexpected issues that may
arise during their deployment and use.
Lastly, we recognize that the proposed solutions and advancements in collective percep-
tion for CAVs come with limitations and challenges, including real-time data processing,
secure communication, interoperability, reliability, and unexpected issues. Therefore, it
is essential to continuously monitor and assess the development and deployment of co-
operative systems and traffic responses, and to address any limitations and challenges as
they arise.
Future research on risk estimators should broaden and clearly highlight all interactions
between key components. For example TLC is a very pertinent lateral risk estimator,
however by incorporating the speed of the vehicle, the TLC lateral risk estimator can
also be improved by considering longitudinal risk factors as well. Longitudinal factors,
such as the vehicle’s acceleration, deceleration, and following distance, can also play a
role in the likelihood of a collision and should be taken into account. By considering
both lateral and longitudinal risk factors, the TLC risk estimator can provide a more
comprehensive and accurate assessment of the risk of a collision.
Indeed, categorizing risks based on the scene’s five key components (ego-vehicle, road,
environment, obstacles, and driver) can obscure the interactions between the various
identified risks (Gruyer, 2023). Figure 6.2 illustrates it. Although this is a disadvantage
of the classification method, it can also be viewed as a strength because the redundancy
of parameters across different key components can improve the reliability and robustness
of risk indicators.
It is therefore advised to employ multi-source data fusion methods in order to effectively
utilize complementary and redundant information. However, this classification method
does not emphasize the interactions between key components, leading to potential calcu-
lation errors and system failures if a risk indicator is estimated using only one of them.
To ensure that risk indicators include all key components, system designers can use the
representation that (Leroy et al., 2020) proposed.
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Figure 6.2: (Gruyer, 2023) Proposition Risk indicators and key components for
future work
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Graphic Appendices: Additional Illustrations

The software tool known as netconvert enables the creation of a road network file that is
compatible with SUMO, while the accompanying tool netedit facilitates the visualization
of the network constructed. In addition, it is possible to automatically import a network
by exporting it from Open Street Map. The file employed for this purpose comprises
a set of vehicle parameters that are as follows (Time of vehicle’s entrance, vehicle ID,
longiditunal position, lateral position, longiditunal speed, lateral speed, Type, category).
an extraction of the used file is represented in figure 6.3

Figure 6.3: The SUMO data file used for the simulation on the Matlab

The structure of the vehicle has been updated to integrate the new data structure
required for a vehicle in CBL-I. As a result, the parameters of the novel vehicle model
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Figure 6.4: Example of extracted structure of a vehicle node (including type of
branch: OBU or RSU) in the CBL-I algorithm from matlab

are presented in Figure 6.4. Then, in accordance with the updated CBL-G model, the
structure of the vehicle has been more enhanced to accommodate the new data structure
of a vehicle in CBL-G. The figure 6.5 presented below outlines the parameters of this novel
vehicle model taking into account more parameters such as acceleration, dimensions,
mass, heading..ect. Our Collective Perception message structure proposition for our
application is shown in Figure 6.6.

147



6.2. GRAPHIC APPENDICES: ADDITIONAL ILLUSTRATIONS

Figure 6.5: Example of the new vehicle data structure in CBL-G with new at-
tributes: acceleration, dimensions, mass, heading

Figure 6.6: The format of a CPM broadcasted by vehicle V containing the detected
object which is vehicle Vj
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6.2. ABSTRACT

Abstract
Automated vehicles are rapidly developing to create fully connected transportation sys-
tems, reducing collisions, traffic congestion, fuel consumption, and offering increased
flexibility. This requires data related to obstacle detection and the environment. The
objective of this thesis is to improve communication between connected vehicles for safer
and more efficient traffic and to examine the adaptability and suitability of the Chain
Branch Leaf (CBL) communication model in cooperative systems. We also developed a
new version of the CBL-G model to improve coverage. We studied this communication
architecture to improve service quality by using information from surrounding vehicles
and explored multi-level perception to estimate the four (extended) collision risks includ-
ing local, extended local, extended branch, and global. For our future research, we will
study situations such as road intersections and highway exits and develop risk indicators
that cover all key elements.
Keywords:
Cooperative Systems, Automated vehicles, Vehicle-to-Vehicle communications, IEEE
802.11p, Vehicle-to-Infrastructure communications, Clustering, Gateway, Extended Per-
ception, Multi-level Collision Risk, extended collision risks, uncertainties, multidimen-
sional configurations.

Résumé
Les véhicules automatisés se développent rapidement pour créer des systèmes de trans-
port entièrement connectés, réduisant les collisions, les embouteillages, la consommation
de carburant et offrant une flexibilité accrue. Cela nécessite des données relatives à
la détection d’obstacles et l’environnement. L’objectif de cette thèse est d’améliorer
la communication entre véhicules connectés pour une circulation plus sûre et efficace
et d’examiner l’adaptabilité et l’aptitude du modèle de communication de la feuille de
branche de chaîne (Chain Branch Leaf-CBL) dans les systèmes coopératifs. Nous avons
également développé une nouvelle version du modèle CBL-G pour améliorer la couver-
ture. Nous avons étudié cette architecture de communication afin d’améliorer la qualité
de service en utilisant les informations des véhicules environnants et avons exploré la
perception multi-niveau pour estimer les quatre risques de collision (local, local étendu,
branche étendue et global). Pour nos futures recherches, nous étudierons des situations
comme les intersections routières et les sorties d’autoroutes et élaborerons des indicateurs
de risque qui couvrent tous les éléments clés.
Mots clés:
Systèmes coopératifs, véhicules automatisés, communications véhicule-à-véhicule, IEEE
802.11p, communications véhicule-à-infrastructure, clustering, passerelle, perception éten-
due, risque de collision multi-niveau, incertitudes, configurations multidimensionnelles.
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