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Resumen

L os vehiculos auténomos hacen uso de multiples sensores para detectar su entorno. Los
sensores utilizados (camaras, radares o lidars) han meorado significativamente su
capacidad de deteccion en los Ultimos afios. Sin embargo, sus capacidades aln estan
limitadas ante la presencia de obstéculos o condiciones climéticas adversas, entre otros
factores. Una opcion para mitigar estos retos es la percepcion cooperativa o colectiva, la
cual permite alos vehiculosintercambiar informacion sobre |os obj etos detectados por sus
sensores utilizando las comunicaciones V2X (Vehicle-to-Everything). De estaforma, los
vehiculos disponen de informacion no sélo de los objetos detectados por sus propios
sensores sino también de los detectados por los sensores de los vehiculos cercanos. De
esta forma, la percepcion cooperativa permite que los vehiculos mejoren su rango de
deteccion mas alla de las capacidades de sus sensores locales. La percepcion cooperativa
también puede ayudar a mejorar la precision y confianza en la deteccion de objetos, y
ayuda a mitigar el impacto negativo de las condiciones climaticas o de visibilidad

adversas.

ETSI y SAE estén definiendo actualmente nuevos estandares V2X para la percepcion
cooperativa. SAE aln no ha publicado su estéandar, mientras que ETSI ha publicado un
Informe Técnico sobre percepcidn colectiva que incluye aspectos importantes como el
formato del Mensaje de Percepcion Colectiva (CPM) y las reglas de generacién de
mensajes para decidir cuando debe generarse un nuevo CPM y qué informacién debe
incluir. ETSI estd actualmente en proceso de finalizar un primer estédndar sobre percepcién
colectiva, y asociaciones industriales como el CAR 2 CAR Communication Consortium
(C2C-CC) y 5G Automotive Association (5GAA) han incluido la percepcion cooperativa
en sus hojas de ruta. Todos estos esfuerzos destacan €l interésindustria y el potencial de
las comunicaciones V2X para apoyar €l desarrollo y despliegue de la percepcion
cooperativaen vehiculos conectados y auténomos. A pesar de los avances realizados hasta

lafecha, € concepto de percepcidn cooperativa es relativamente novedoso y se requiere



un profundo estudio de su funcionamiento y rendimiento antes de considerar su despliegue
comercial.

L a percepcidn cooperativa permite intercambiar de forma frecuente actualizaciones sobre
los obj etos detectados por los sensores con € fin de aumentar la precisién de la deteccion.
Sin embargo, las actualizaciones frecuentes aumentan la carga en los canaes de
comunicacion, y suponen un reto para la escalabilidad de lared de comunicaciones V2X
y la efectividad de la percepcién cooperativa. Ademas, pueden generar altos niveles de
redundancia pues muchos vehiculos cercanos pueden detectar un mismo objeto y
reportarlo simultaneamente. Este reporte simultaneo puede, hasta cierto punto, mejorar la
precision en ladeteccion. Sin embargo, un alto nivel de redundancia puede sobrecargar €l
canal de comunicaciones y afectar a funcionamiento y efectividad de la percepcién
cooperativa ante laimposibilidad de transmitir los mensgjes criticos por la saturacién del
cana de comunicaciones. El desafio general en la percepcion cooperativa ocurre
principalmente cuando €l mensagje de la percepcion cooperativa no estéa bien organizado.
Por gemplo, podria ser muy ineficiente generar un mensaje de percepcion cooperativa
gue contenga una pequefia cantidad de objetos detectados, |0 que también podria aumentar

lacargadel canal de comunicacionesy podria afectar la percepcion cooperativa.

Esta tesis estudia y evalUa exhaustivamente e funcionamiento y rendimiento de la
percepcidon cooperativa, y propone diferentes soluciones para mejorar su eficiencia y
escalabilidad. Paraello, en primer lugar, latesis realiza un estudio de dimensionado para
comprender megjor € funcionamiento de la percepcion cooperativa, e identificar las
posibles ineficiencias existentes. Este estudio evalUialas reglas de generacion de mensajes
de percepcion cooperativa propuestas en ETSI, y andiza en detalle el impacto de
diferentes configuraciones de sensores, densidades de tréfico y tasas de penetracion de la
tecnologia en el mercado. Esta tesis también investiga por primera vez el impacto del
control de congestion en la percepcion cooperativa. Este estudio es muy relevante ya que
los protocol os de control de congestion pueden modificar la generacion y transmision de
mensagj es cuando €l canal radio esta congestionado, y por |o tanto alterar el funcionamiento
de la percepcién cooperativa. El estudio considera € sistema de control de congestién

(DCC, control de congestion descentralizado) estandarizado por ETSI y que abarcavarias



capas de la pila de protocolos. El estudio realizado demuestra el impacto de la

configuracion DCC en el funcionamiento y efectividad de |a percepcion cooperativa.

En base a los resultados del estudio de dimensionado, esta tesis proponen dos técnicas
para mitigar las ineficiencias identificadas en el proceso de percepcion cooperativa, la
técnica Look-Ahead y una técnica de mitigacién o control de redundancia. Latécnica de
mitigacion de redundanciareduce laredundancia en lared de comuni caciones eliminando
del mensgje de percepcion cooperativa los objetos detectados que no han cambiado
significativamente su posicion, velocidad y rumbo desde la Ultima vez que fueron
recibidos como parte de un mensaje de percepcion cooperativa enviado por otro vehiculo
cercano. Laevaluacion muestraque latécnicade control de redundancia propuestareduce
significativamente la redundanciay la carga del canal de comunicaciones, y mantiene la
capacidad de percepcidn para distancias cortas y medias criticas para la seguridad. La
técnica Look-Ahead reorganiza la transmisién de objetos en el mensaje de percepcion
cooperativa con €l fin de reducir €l overhead en las comunicaciones V2X. Para elo, la
técnica incluye objetos en el mensgje de percepcion cooperativa actual que predice se
incluirian en el siguiente mensaje de percepcion cooperativa. Esta reorganizacion busca
reducir el nimero de mensajes de percepcion cooperativa generados haciendo que cada
mensgje incluya informacion sobre una mayor cantidad de objetos detectados. Los
resultados del andlisis muestran que Look-Ahead reduce el overhead y la carga del canal
de comunicaciones V2X alavez que mejora la percepcién de los vehiculos. Por dltimo,
latesis propone métodos para combinar | as técnicas propuestas (L ook-Ahead y mitigacion
de redundancia) con €l fin de mejorar alin més la efectividad de la percepcidn cooperativa
y la escalabilidad ddl sistema. Este estudio considera la combinacion de las dos técnicas
cony sin control de congestion DCC, y muestra gque |as combinaciones propuestas reducen

lacargadel canal y mejoran la escalabilidad de los servicios de percepcion cooperativa.
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Abstract

Automated vehicles make use of multiple sensorsto detect their surroundings. The sensing
technology has significantly improved over thelast years. However, the capabilities of on-
board sensorslike cameras, radars, or lidarsare still limited under the presence of obstacles
or adverse weather conditions, among other factors. Cooperative perception (ak.a
collective perception or cooperative sensing) has been proposed to help mitigate these
challenges by exchanging sensor dataamong vehiclesusing V2X (Vehicle-to-Everything)
communications. V2X communications alow vehicles to exchange information about
detected objects, and hence improve their sensing range beyond the capabilities of their
local sensors thanks to cooperative perception. Cooperative perception can also help
improve the vehicles' sensor detection accuracy and increase the confidence about the
detected objects. It can also help mitigate the negative impact of adverse weather

conditions or the negative effect of lighting conditions on the sensitivity.

ETSI and SAE are currently defining new V2X standards for cooperative perception. SAE
has not yet published its standard. On the other hand, ETSI has published a Technical
Report on collective perception that includes important aspects such as the Collective
Perception Message (CPM) format and the message generation rules to decide when a
new CPM should be generated and what information it should include. ETSI is now
finalizing the standardization of the Technical Specification on collective perception.
Industrial associations such as the C2C-CC and the 5GAA have included cooperative
perception intheir roadmaps. All these efforts highlight theindustrial interest and potential
of V2X communications to support the development and deployment of cooperative
perception in connected and automated vehicles. Despite the advances made to date, the
concept of cooperative perception is relatively new and an in-depth study of its operation

and performance is required before considering its commercial deployment.

Cooperative perception allows frequent exchange of updates on the sensors detected

objects to increase detection accuracy. However, the frequent updates increase the
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channel load on the communications channels, and pose a challenge for the scalability of
the V2X communications network and the effectiveness of cooperative perception. In
addition, they can generate high levels of object redundancy since many nearby vehicles
can detect the same object and report it simultaneously. This simultaneous reporting of
objects can improve detection accuracy to some extent. However, a high level of
redundancy can overload the communications channel and affect the operation and
effectiveness of the cooperative perception given the impossibility of transmitting critical
messages due to the saturation of the communications channel. The general challenge in
cooperative perception occurs mainly when the cooperative perception messageisnot well
organized. It might be very inefficient to generate a cooperative perception message that
contains a small number of detected objects, which could aso increase the load on the

communications channel and affect cooperative perception.

Thisthesis extensively studies and eval uates the performance and operation of cooperative
perception solutions and proposes different techniques to address the identified
challenges, fulfilling the existing literature gaps. To this aim, the thesis presents first a
dimensioning study to identify any inefficiencies in existing cooperative perception
solutions and support the design of more advanced and scalable techniques. This
dimensioning study evaluates the cooperative perception message generation rules
proposed at ETS| and compares them with periodic generation policies to analyze its
effectiveness and identify existing limitations. Then the impact of different sensor
configurations, traffic densities and market penetration rates are analyzed in detail. The
study also investigates the impact of congestion control on cooperative perception, since
congestion control protocols can modify message generation and transmission when the
radio channel is congested. ETSI has standardized a DCC (Decentralized Congestion
Control) framework for V2X communications that spans over multiple layers of the
protocol stack. To the author's knowledge, this is the first study that evaluates the
combination of the ETSI defined DCC Access and DCC Facilities on cooperative
perception. The study demonstrates the importance of the DCC configuration for the

operation of the V2X network and the effectiveness of cooperative perception.
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Based on the findings of the dimensioning study, different techniques are proposed in this
thesis to mitigate the inefficiencies identified. This thesis mainly proposes two different
techniques, namely the look-ahead technique and redundancy mitigation or control
technique. The redundancy mitigation proposal is designed to reduce the redundancy in
the network by filtering the detected objects reported in cooperative perception messages
that have not significantly changed their position, speed, and heading since the last time
they were received as part of a cooperative perception message from other vehicles. The
evaluation shows that the proposed redundancy mitigation technique significantly reduces
the redundancy and channel load without degrading the perception for safety-critical short
and medium distances. The Look-Ahead proposal reorganizes the transmission of objects
in the cooperative perception message. It includes objects in the current cooperative
perception message that are predicted to be included in the following cooperative
perception message. This reorganization results in vehicles transmitting fewer messages,
and each message includes information about a higher number of detected objects. This
approach reduces the communications overhead and the channel load, and improves the
perception. Finaly, the thesis proposes methods to combine the proposed techniques
(Look-Ahead and redundancy mitigation) to further improve the effectiveness of
cooperative perception and the system's scalability. The different combinations are
evaluated with and without DCC, and the conducted study shows that combining the two
proposals can further reduce the channel load and improve the scalability of cooperative

perception services without degrading the perception.
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1 Introduction

Automated vehicles use embedded sensors to drive autonomously with low or no human
intervention. To this aim, the vehicle’s planning system uses perception and localization
data to determine the travel path and driving actions (e.g., lane changes, acceleration or
braking) that are executed by the vehicle’'s control platform. For perception and
localization, automated vehicles equip multiple exteroceptive sensors (e.g., lidars, radars,
and cameras) that locally perceive the driving environment [1][2]. This environment
includes the static elements (e.g., road shape and curvature, lane marks and trees) and

dynamic moving objects (e.g., other vehicles, bicycles, pedestrians).

Sensors for automated vehicles have significantly improved their perception range and
detection accuracy in the recent years[3]. However, the capabilities of these sensors can
still be impaired due to the adverse weather conditions or sensitivity to lighting
conditions, presence of obstacles in front of the sensors or other factors [4]. These
limitations can negatively influence the safety and efficiency of the automated vehicles.
V2X (Vehicle-to-Everything) communications can reduce this negative impact and
improve the perception or sensing capabilities of the Connected and Automated V ehicles
(CAVs) by facilitating the exchange of sensor data among the vehicles. This process is
generaly referred to as cooperative perception, collective perception or cooperative
sensing [5][6]. Cooperative perception is the exchange of information about the driving
environment using V2X communications. It enables vehicles to complement the
information obtained with their on-board sensors with information obtained by the
sensors of nearby vehicles. Cooperative perception therefore enables vehicles to receive
additional sensor data about the driving environment, including data beyond their on-
board sensors' field of view (FoV). By facilitating the exchange of sensor data among
the vehicles, cooperative perception helps improve the vehicles sensor detection
accuracy and increasesthe confidence about the detected objects. Thisisbecause vehicles
can correlate and compare the information from their on-board sensors with sensor
information gathered from nearby vehicles using V2X communications. The exchange
of sensor information also mitigates the negative impact of adverse weather conditions

or the negative effect of lighting conditions on the sensor sensitivity. Cooperative



perception also helps to detect vehicles or objects that were not detected by their onboard
sensors. Figure 1 shows an example scenario of how cooperative perception can support
CAVs at intersections when sensor detection is affected by the non-line-of-sight. As
shown in the figure, the white vehicle is approaching the intersection to turn right. The
white vehicle cannot detect the pedestrians because its on-board sensors are obstructed
due to the presence of buildings, and therefore there is a safety risk. Cooperative
perception can mitigate this risk thanks to the exchange of sensor information, because
the red vehicle can detect the pedestrian with its sensor, and can use V2X to transmit
their position to the white vehicle. Thanks to cooperative perception, the white vehicle
can have the perception of the red vehicle which enables the white vehicle to extend its
sensor FoV and helps to detect the pedestrians well in advance to take precautionary
measures. This sharing of sensor information using cooperative perception will
significantly improve the overall safety in the driving environment.

Figure 1. Cooperative perception at intersections

To understand the different functionalities involved in cooperative perception, the basic
architecture for cooperative perception is presented in Figure 2. The on-board sensors
locally perceive the environment and perform the necessary processing, fusion and
detection tasks to support the automated driving functions. The information gathered by
the sensors is also used as an input for the cooperative perception component. This
component selects the information to be exchanged among vehicles and defines the
message format. For example, it decides which detected objects should be included in a
cooperative perception message and how often these messages should be transmitted.
Congestion control protocols may adapt the rate at which the cooperative perception



messages are generated and transmitted to control the communications channel load. It
should be noted that the received cooperative perception messages are fused with the
information obtained from the on-board sensors to improve and extend the vehicles

perception of the driving environment [2].
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Figure 2. Basic architecture of cooperative perception

Cooperative perception relies on V2X communications for vehicles to exchange sensor
data. The development of V2X communications was initially focused on the so-called
Day One Services [7]. These services include, among others, a basic cooperative
awareness service where vehicles regularly broadcast their position, speed and basic
status information through CAMs (Cooperative Awareness Messages) based on ETSI
(European Telecommunications Standards Institute) standards [8] or BSM s (Basic Safety
Messages) based on SAE (Society of Automotive Engineers) standards [9]. This basic
cooperative awareness service improves the awareness of vehicles, but the information
exchanged is limited and does not exploit the rich sensor data gathered by CAVs.

ETSI [5] and SAE [6] are defining new V2X standards for cooperative perception. SAE
has not yet published its standard for cooperative perception [6]. On the other hand, ETSI
published a Technica Report on collective perception in December 2019 [5] and is
currently working on the following Technical Specification [10]. Inits Technical Report
[5], ETSI defined the so-called Collective Perception Service (CPS). The CPS includes
important functionalities such as the Collective Perception Message (CPM) format and
the message generation rules to decide when a new CPM should be generated and what
information it should include. In recent years, industrial associations such as the C2C-
CC (CAR 2 CAR Communication Consortium) and the 5GAA (5G Automotive
Association) have included cooperative perception in their roadmaps. Many research
projects have adapted the concept of cooperative perception to improve vehicle safety in
their driving environment [11][12]. These efforts highlight the industrial interest and



potential of V2X communications to support the development and commercia
deployment of cooperative perception in CAVs. However, before the commercial
deployment, the concept of cooperative perception needs to be studied in detail since it
isrelatively new, in order to understand its operation, optimize it and analyze its impact
on the V2X network.

At the beginning of this thesis, the research on cooperative perception was in its early
stages and there was no dimensioning study performed on cooperative perception that
analyzes its operation and performance. The objective of performing a dimensioning
study is to evaluate the operation and performance of cooperative perception and
understand the importance of different functionalities and the configurations involved in
it. This dimensioning study will also help to identify the existing limitations in

cooperative perception.

In this thesis, a detailed dimensioning study is conducted, evaluating the functioning of
cooperative perception. The dimensioning study evaluates the cooperative perception
message generation rules proposed in ETSI and shows that the detected objects are
frequently exchanged to increase detection accuracy. However, the analysis identifies
two main inefficiencies. The first one is related to the generation of high levels of
redundancy since many nearby vehicles report the same object simultaneously. The
second one is related to the fact that the generated cooperative perception messages are
not well organized as the message generation rules generate frequent cooperative sensing
messages that contains a small number of sensed objects. These inefficiencies should be
addressed because it could overload the communications channel and affect the operation
and effectiveness of the cooperative perception. The dimensioning study aso analyzed
in detail the impact of different sensor configurations, traffic densities, market
penetration rates on the operation and performance of cooperative perception and shows
that cooperative perception can significantly increase the communication channel load
and activate the operation of congestion control protocols. This thesis then investigates
for the first time the impact of congestion control on cooperative perception. This study
is very relevant since congestion control protocols can modify the generation and
transmission of messages when the radio channel is congested, and therefore alter the
operation of cooperative perception. The study considers the congestion control system

(DCC, decentralized congestion control) standardized by ETSI and covering several



layers of the protocol stack. The study carried out demonstrates the impact of the DCC

configuration on the functioning and effectiveness of cooperative perception.

The thesis further goes beyond the state-of-the-art and presents two proposals for
cooperative perception that have then been developed to address the identified
inefficiencies in the dimensioning study. First, a redundancy mitigation or control
technique is proposed that significantly reduces the redundancy and the channel load in
the network while maintaining the perception for safety-critical short and medium
distances. The thesis then proposes the look-ahead technique that reorganizes the
cooperative perception messages and reduces the communications overhead. Theresults
show that the look-ahead technique improves the reliability of V2X communications and
the perception of CAVs. Findly, the thesis proposes different methods to combine the
redundancy mitigation and look-ahead techniques to further improve the overal

effectiveness and scalability of the cooperative perception service.

1.1 Objectives

The primary purpose of this thesis is to investigate and improve the efficiency and
scalability of cooperative perception. Thisgoal is achieved in this thesis through several

objectives which are listed and presented in this section.

Objective I: This thesis first aims to extensively review the existing cooperative
perception solutions and standards in the literature, and identify any existing gaps. To
this aim, the existing state-of-the-art has been extensively reviewed in this thesis and the
evolution of the cooperative perception in the ETSI standardization process has been

constantly monitored.

Objective 11: Next, the thesis ams to develop a ssimulation platform for studying
cooperative perception. At the time of starting the thesis, there were no open-source
platforms for the evaluation of cooperative perception solutions that can provide an
accurate modelling of the radio access technology, the different layers of the V2X
communication protocol stack (including congestion control), an adequate radio
propagation model, the sensing capabilities of the vehicles and the realistic road traffic
models. Consequently, the author had to build its own simulator over an existing wireless
simulation platform, and implemented the previously mentioned components into the

simulator to evaluate cooperative perception.



Objective I1I: The thesis then aims to perform a dimensioning study to understand in
detail the operation and performance of cooperative perception. The goal is to quantify
the effectiveness of the existing cooperative perception message generation rules and
identify any existing potentia inefficiencies. The objective is also to understand how
factors such asthe market penetration rate (i.e. how many vehicles are automated and use
V2X communications), the traffic density or the sensor configuration influence the

performance and efficiency of cooperative perception.

Objective 1V: The thesis then analyzes the impact of congestion control protocols on
cooperative perception. The objective of this analysis is to understand how congestion
control protocols impact the operation of cooperative perception because it modifies the
generation and transmission of cooperative perception messages. The study also helpsto
understand the importance of the congestion control protocol configurations to achieve

high effectivenessin the V2X network and in cooperative perception.

Objective V: Cooperative perception can be subject to significant redundancy levelssince
each object can be detected and transmitted by multiple vehicles nearly at the same time.
The unnecessary transmission of excessive redundancy can limit the scalability of the
V2X network, degrading the performance of cooperative perception and possibly other
services that could be running on the same channel. This thesis seeks to first understand
the level of redundancy generated by current cooperative perception solutions, and
propose redundancy mitigation mechanisms that will help control the redundancy and

improve the performance of cooperative perception.

Objective VI: Another objective of the thesis is to improve the effectiveness of
cooperative perception by improving the generation of cooperative perception messages.
The transmission of detected objects in cooperative perception messages can be highly
inefficient if they are not adequately organized. Cooperative perception messages have a
significant overhead produced by message and protocol headers, and therefore their
transmission can be highly inefficient if they contain asmall number of objects. Solutions

will be proposed to mitigate this inefficiency.

Objective VII: The overal objective of this thesis is to improve the effectiveness and
scalability of cooperative perception. To this aim, the thesis will then ultimately design
and evaluate methods that combine all solutions proposed as part of objectives |V and V.

Solutions will be designed and evaluated with and without congestion control



mechanisms, and with the coexistence of cooperative perception messages and awareness

messages.

1.2 Thesisstructure and outline

The thesis is written by a compendium of published articles produced by the author of
thisthesis. The published papers areincluded in Annex A (from Annex A.1to A.5). The
studies published in these papers represent the core of the thesis. In addition, threeinitial
chapters are included in this thesis to review the existing state-of-the-art, introduce
important functionalities that support the successful deployment of cooperative

perception, and present the simulation environment implemented and used in this thesis.

1.2.1 Outline

The outline of the thesis is organized as follows. Chapter 2 presents the current state-of -
the-art in cooperative perception. This chapter initially presents the existing sensor
technologies (e.g., lidar, radar and cameras) and discusses their challenges and
limitations. The concept of cooperative perception isthen introduced and its potential for
mitigating sensor limitations is highlighted. This chapter then proceeds to discuss the
main factors that can impact the effectiveness of cooperative perception (e.g., message
format, rate, size and content) and reviews existing studies in the literature. In addition,
the concept of ETSI DCC (Decentralized Congestion Control) is summarized, and studies
analyzing theimpact of DCC on cooperative perception are presented. From the analysis
performed in the state-of-the-art, this chapter identifies the limitations and challenges of
cooperative perception and missing gapsexisting intheliterature. A summary of themain

conclusions and findings obtained is presented at the end of the chapter.

Chapter 3 presents the ITS (Intelligent Transportation System) communications
architecture defined by ETSI to support V2X services and its different layers. Next, the
|EEE 802.11p/ITS-G5 Access technology is presented since it is the technology used in
the evaluations performed in this thesis. Furthermore, the DCC framework defined by
ETSI to control congestion is presented. The DCC Access and DCC Facilities are
explained in detail because they control the transmission and generation of V2X
messages. Finally, the CPS being defined by ETSI is presented, with a focus on the
Collective Perception Message format and the CPM generation rules.



Chapter 4 presents the simulation platform implemented and utilized in this thesis, in
particular the new components implemented to simulate cooperative perception in
vehicular networks. To obtain valid conclusions and insights, it isimportant to accurately
model and simulate the vehicular network and the cooperative perception process. This
chapter also explains the scenarios and the main simulation and communication
parameters considered throughout the thesis. Finally, the performance metricsused in the

thesis are explained in detail.

Chapter 5 presents a dimensioning study that analyzes the functionalities of the
cooperative perception using V2X communications. In this context, the study quantifies
the performance and effectiveness of cooperative perception using V2X
communications, comparing ETSI message generation rules (that will be referred to as
baseline generation rules) with periodic generation policies. This analysis shows that the
baseline generation rules achieve an interesting balance between perception capabilities
and communications performance when compared with periodic ones. However, the
results obtained demonstrate that the baseline generation rules present certain
inefficiencies that limit their scalability. The first inefficiency is related to the fact that
the current baseline generation rules can generate a high number of CPMs with a small
payload. This negatively impacts how efficiently the communications channel is utilized
since the size of the CPM headers can increase the overhead. The second inefficiency is
the transmission of redundant information since multiple CAV's can detect the same
object and report about it simultaneously. The transmission and reception of redundant
information about the same object can unnecessarily overload the communications
channel and increase the computing power needed to process the exchanged sensor
information. Optimizing these inefficiencies further could improve the overall
effectiveness and scalability of the cooperative perception. Then, the dimensioning
analysis evaluates components and factors that have an impact on the performance of
cooperative perception. The study also investigates the impact of congestion control on
cooperative perception using the DCC framework defined by ETSI. To the author’'s
knowledge, thisisthefirst study that evaluates the combination of DCC Accessand DCC
Facilities on cooperative perception, and shows the importance of the DCC configuration

to achieve ultimate effectivenessin the V2X network and in cooperative perception.

In Chapter 6, aredundancy mitigation technique is proposed to reduce the generation of
high object redundancy in cooperative perception. To thisaim, the chapter first illustrates



and quantifies the redundancy problem in detail. Then, a redundancy mitigation
technique is proposed to reduce redundancy by omitting the detected objects from the
cooperative perception message that have not significantly changed their position, speed
and heading since the last time they were received as part of a cooperative perception
message. The results show that the proposal significantly reduces the channel load while

achieving similar perception levels for short and medium distances.

Another inefficiency in cooperative perception is addressed in Chapter 7. This chapter
presents a cooperative perception mechanism, referred to as Look-Ahead (LA), designed
to reduce the generation of cooperative perception messages that contains small number
of objects and improve the transmission efficiency and reduce the overhead caused by
headers. This chapter first illustrates and quantifies the problem in detail and then the
L ook-Ahead proposal is presented and evaluated. L ook-Ahead complements and extends
the baseline generation rules by grouping the detected objects into larger cooperative
perception messages. The analysis conducted demonstrates that Look-Ahead can
effectively reduce the rate at which cooperative perception messages are generated and
increase their size, while reducing the channel load (and overhead) and improving the

reliability of V2X communications and the perception of CAVSs.

The mechanisms proposed in Chapter 6 and Chapter 7 can provide significant benefitsin
terms of improving the perception and reducing the channel load in the vehicular
network. However, they have been designed and evaluated independently. In Chapter 8,
different methods to combine Look-Ahead and redundancy mitigation are proposed and
evaluated to improve cooperative perception and the system’s scalability. The study has
evaluated the effectiveness and scalability of the combined L ook-Ahead and redundancy
mitigation techniques with and without congestion control mechanisms and with the
coexistence of cooperative perception messages and awareness messages. The conducted
evaluation has demonstrated that the proposed combination techniques significantly
improve the perception of CAVs and reduce the information age. In addition, the

combination techniques improve the scalability of cooperative perception services.

Finally, Chapter 9 summarizesthe main conclusionsthat can be extracted from thisthesis

and provides indications about possible future research directions.



1.3 Resaultsof thethesis

This doctoral thesis has resulted in two journal publications and two conference

publications which are presented in the annexes in this thesis and are listed below:

e G. Thandavarayan, M. Sepulcre, J. Gozalvez., “Analysis of Message Generation
Rules for Collective Perception in Connected and Automated Driving”, Proc. |EEE
Intelligent Vehicle Symposium (1V), Paris (France), pp. 134-139, 9-12, June 2019.

e G. Thandavarayan, M. Sepulcre and J. Gozalvez, “Redundancy Mitigation in
Cooperative Perception for Connected and Automated Vehicles’, Proc. |IEEE 91st
Vehicular Technology Conference (VTC2020-Spring), pp. 1-5, June 2020.

e G. Thandavarayan, M. Sepulcre and J. Gozavez, "Cooperative Perception for
Connected and Automated Vehicles: Evaluation and Impact of Congestion Control,"
|EEE Access, vol. 8, pp. 197665-197683, October 2020.

e G. Thandavarayan, M. Sepulcre and J. Gozalvez, “Generation of Cooperative
Perception Messages for Connected and Automated Vehicles’, IEEE Transactionson
Vehicular Technology, vol. 69, no. 12, pp. 16336-16341, December 2020.

These publications have been referenced in more than 100 works (according to Google
Scholar). Also, part of the thesis work has been presented by Professor Javier Gozalvez
(co-supervisor of this PhD thesis) in thefollowing keynote presentations*V 2X Networks
for Connected and Automated Driving” at the internationa IEEE Loca Computer
Networks (LCN) October 2019, “Towards a Multi-Technology V2X Ecosystem for
Supporting Connected and Automated Driving” at the international |EEE Vehicular
Networking Conference (VNC) December 2019, and by Miguel Sepulcre (co-supervisor
of this PhD thesis) in the 1st IEEE International Workshop on Intelligent Connected and
Autonomous Vehicles (ICAV 2021), held in conjunction with the 29th IEEE
International Conference on Network Protocols (ICNP2021) in November 2021.

One additional journal paper is currently under review and its reference is provided
below:

e G. Thandavarayan, M. Sepulcre, J. Gozalvez and Baldomero Coll-Perales, “ Scalable
Cooperative Perception for Connected and Automated Driving”, Journal of Network
and Computer Applications, May 2022 (In Revision).

It is aso worth highlighting that the conducted eval uations and the techniques proposed
in this PhD have been regularly presented in the ETSI (European Telecommunications
Standards Institute) Collective Perception Service standard meetings. Also, the main
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contributions from the thesis are also part in the ETS| Collective Perception Service
Technical Report (TR 103 562) and Technical Specification (TS 103 324) documents.

e ETSIITS, "Intelligent Transport System (ITS); Vehicular Communications; Basic
Set of Applications; Analysis of the Collective Perception Service (CPS) ", ETSI TR
103562 V2.1.1, December 2019.

e ETSIITS, "Intelligent Transport System (ITS); Vehicular Communications; Basic
Set of Applications; Specification of the Collective Perception Service', ETSI TS
103 324 VV0.0.52 (draft), Dec 2022.

During the doctora study, the author was also working and contributing to the European
(H2020) project “TransAID-Transition Areas for Infrastructure-Assisted Driving” and
part of the thesis work is published in this TransAID project deliverables.

The author also contributed to other works devel oped within the framework of the thesis
that has been published in conferences and other journals. The tasks carried out in these

publications are within the framework of this thesis but with different lines of research.

e M. Sepulcre, J. Gozalvez, G. Thandavarayan, B. Coll-Peraes, J. Schindler, M.
Rondinone, "On the Potentia of V2X Message Compression for Vehicular
Networks", IEEE Access, vol. 8, pp. 214254-214268, November 2020.
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2 Stateof the Art

Automated vehicles make use of multiple sensors to detect their surrounding
environment. The sensors technology has significantly improved over the past years
[3][12]-[14], and automated vehicles incorporates multiple types of sensors with
advanced technology for perception. However, there are still relevant perception
challenges that need to be solved [4][14]. For example, the hindrance and uncertainty
persist with the sensor perception due to poor weather and lighting conditions. This is
particularly the case for lidars and cameras. Lidar sensing can be restricted by high
refraction and reflection caused by dense fog, smoke and rain [4]. Also, high sun angles
may increase the noise level and their detection range depends on the reflectivity of the
laser beams [3]. Cameras are very good for classifying objects and provide additional
information such as color, texture, etc. [4]. However, cameras performance degrades
under adverse weather and lighting conditions. In addition, the object information such
as velocity and distance cannot be directly measured but must be calculated [4]. Radars
on the other hand perform better than lidars and camerasin poor weather conditions (rain,
snow, fog, etc.) [4], and some radars can detect objects at 250m distance [15]. However,
they provide lower resolution than lidars, and have a limited field of view [4]. Radars
also suffer from multipath fading, which reduces the accuracy of the detected objects[4].
The perception of automated vehicles aso needs to be improved in complex urban
environments. Thisis especially the case due to the presence of occluding objects (e.g.,
other vehicles or buildings) that can limit the sensor’ s range [14]. Also, lidar, radar and
cameras can only work under Line-of-Sight (LOS) conditions. All these challenges and
constraints limit the perception capabilities of automated vehicles that exclusively rely
on their on-board sensors, which can highly impact their safety and driving efficiency.

Cooperative perception effectively addresses the above-mentioned sensor perception
limitations by enabling the vehicles to exchange information about objects detected by
their sensors using V2X (Vehicle-to-Everything) communications. In this way, the
vehicles have information not only on the objects detected by their own sensors but also
on those detected by the sensors of nearby vehicles. Thisallowsvehiclesto improvetheir

detection range beyond the capabilities of their local sensors and helps to improve the
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object detection accuracy and confidence, and help mitigate the negative impact of
adverse weather or visibility conditions. Some studies have focused on exchanging raw
sensor data [16][17] for cooperative perception. However, exchanging raw sensor data
would require a high bandwidth that can compromise the system's scalability. Other
formats such as layered cost maps [18] are also proposed to specify the sensor datain a
grid-based representation. To accurately track objects using a grid-based representation,
vehicles need a 3D representation of each layer. This could increase the system’s
complexity and increase the computational load. As a result, the majority of studies
conducted to date on cooperative perception consider exchanging information about the
dynamic status of the detected objects (e.g., their position, speed, size and type). Part of
the existing studies focused on the definition of the message format for cooperative
perception. Rauch et al. in [19] investigated the concept of sharing detected objects
information in cooperative perception. In this study, the authors experimentally evaluated
the transmission latency and range for different message sizes and rates through various
field tests. Gunther et al. in [20] proposed to transmit additional information about the
transmitter (e.g., its position and speed) and its sensor capabilities (e.g., detection range
and field of view) along with the object information. This extension allows the receiving
vehiclesto also understand the capabilities of the transmitting vehicles and better identify
free-space and unknown areas. The study in [21] analyzed the potential benefits of
including different additional information, such as correlation and higher order
derivatives (e.g., the acceleration or yaw rate) of the detected objects on the fusion

accuracy.

The information included in cooperative perception messages and the message
generation rate needs to be carefully studied because an increase in the message size or
rate could increase the channel load which could impact on the effectiveness of the
cooperative perception. To this aim, some studies have focused on controlling the
generation of cooperative perception messages. For example, the study in [22] evaluated
if a cooperative perception message should be attached to existing basic awareness
messages like CAM [8], or if it should be transmitted as a separate message. Integrating
the cooperative perception information to a basic awareness message could improve the
transmission efficiency due to alower overhead. However, it would limit the flexibility
of the transmission of cooperative perception information because basic awareness

messages have specific generation rules that do not necessarily match the needs of
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cooperative perception. As a consequence, most of the conducted studies to date focus
on the transmission of cooperative perception messages independent to other basic
awareness messages like CAMs. Early studies in [1][23] evauated the periodic
transmission of cooperative perception messages. However, this has shown to be highly
inefficient and unnecessarily generated ahigh channel load. In[24], the vehicles generate
periodic cooperative perception message but high periodic transmission rates are set to
the vehicles that detect the blind sensor area of the nearby vehicles. The results show that
this approach disseminates useful sensor information about objects in the non-line-of-
sight regions. Transmitting all objects with high periodic transmission rates could provide
safety and reliability (vehicles do not need to wait for several cooperative perception
messages to know the objects detected by aneighbor), but it might be inefficient because

it increases the message size and the channel load in the network.

To solve the above-mentioned inefficiencies, some studies propose to dynamically
control the objectsincluded in each cooperative perception message. If only the necessary
detected objects were included in each cooperative perception message, the message size
could be reduced, decreasing the channel load and improving the successful delivery of
messages. Thisis crucial to efficiently use the available bandwidth for scalability and, at
the same time, obtain high perception levels. To this aim, the study in [25] proposed
different object inclusion techniques based on the detected object position to dynamically
adapt the message generation rate, length, and content to control the channel load. The
study demonstrates that the tracking errors and mapping accuracy are improved when
rate and length control mechanisms are applied together. Regarding the content control,
the study also concludes that the detected objects that are located farther away from the
sender but near the edge of the sensors' range should be prioritized. Alternatively, the
authors in [26] propose message generation rules to include objects in the cooperative
perception message based on their mobility or dynamics (e.g., object position, speed,
acceleration and heading). These message generation rules are the most accepted onesin
the research community because they control both the message generation rate and its
size by deciding when a new cooperative perception message should be generated and
what information it should include. In this context, the transmitter includes an object in
a cooperative perception message if its speed, acceleration or heading has significantly
changed compared to the last time it was included in a cooperative perception message.

The message generation rules proposed in [26] have been adopted so far in the ETSI
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activities on collective perception [ 1][ 10]. The performance achieved with these message
generation rules has been studied using analytical models for different radio access
technologies in [27][28]. The analytical studies in [27] and [28] provide important
insights about the perception that vehicles can achieve with these message generation
rules. They evaluate the impact of the market penetration rate and traffic density on the
environmental awareness and information age. The studies identify that, in some
scenarios, reducing the rate at which objects are included in cooperative perception

messages would be beneficial in reducing the channel load and interference.

With cooperative perception, multiple vehicles could detect and report about the same
object, and transmit the same information. This would increase the object redundancy at
the receiver. Receiving redundant information could improve the detection accuracy and
combat potential packet losses. However, a high level of redundancy may overload the
communications channel and could impact the effectiveness of cooperative perception.
In addition, the redundant information increases the computing power necessary for each
vehicle to process the received information. Few studies analyzed the impact of reducing
the object redundancy in cooperative perception. For example, [29] proposed to include
an object in a cooperative perception message depending on its value or utility for its
neighboring vehicles to reduce the redundancy. Theideaisto omit those objects that are
not important for other vehicles. The accurate estimation of the value of each object in a
distributed and dynamic environment is challenging, and the same authors partially
address this chalenge in [30] using deep reinforcement learning. The authors in [31]
proposed a probabilistic selection scheme to decide which objects are included in a
perception message and suppress redundant transmissions. The scheme allows vehicles
to adjust the transmission probability of each detected object based on the position,
vehicular density and road geometry information. The study in [32] evaluates different
object filtering techniques and demonstrates that reducing or controlling redundancy can
significantly improve the network-related performance metrics (e.g., channel load and
packet error rate) without reducing the number of detected objects through perception
messages and the time between updates about the detected objects. These studies show

that reducing object redundancy could have positive effect on the cooperative perception.

Vehicular networks integrate congestion control algorithms to control the channel load
and avoid channel congestion [33]. ETSI has defined a DCC framework that operates

across multiple layers of the V2X communication protocol stack. In general, severa
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studies have analyzed the performance of DCC. For example, [34] anayzed the DCC
Reactive approach in detail, and demonstrated that the Reactive approach could trigger
synchronization problems where vehicles tend to synchronize and transmit messages at
the same time. Alternatively, the study in [35] analyzed the DCC Adaptive approach in
different scenarios, and reported that the Adaptive approach performs well with the
steady state traffic scenario configurations. However, very limited studies have anayzed
the impact of DCC on cooperative perception. This is important because the high load
that the CPM (and other services) [36] could generate in the network could activate the
DCC to control the channel load by atering the generation and transmission of CPMs
and other services. Since cooperative perception relies on the reliable exchange of
cooperative perception messages, DCC could impact the effectiveness of cooperative
perception. Theinitial study in [22] studied the impact of the DCC Reactive approach at
the Access layer with different configurations of DCC Profiles (or DPs). The study
demonstrates that DCC does impact the performance and operation of cooperative
perception, and should hence be carefully configured. The DCC framework defined by
ETSI offers different configuration options, including the possibility to use the Adaptive
approach at the Accesslayer, and the usage of the DCC Facilities component to adapt the
message generation rate (DCC Access only adapts the message transmission rate).
Further investigations are therefore needed to study the impact and optimal configuration
of DCC for cooperative perception.

We should note that most of the discussed studies were not available at the time of
starting this PhD, and the knowledge on cooperative perception was limited at that time.
Existing studies focused on the overall performance of cooperative perception, and not
on the impact of the message generation rules. In this context, this thesis progressed the
state-of-the-art first with a detailed dimensioning analysis to understand the operation
and performance of cooperative perception and the impact of the message generation
rules and congestion control. The dimensioning study was aigned with the status of the
ETSI standardization work on cooperative perception [5] at the time the study was
conducted, including the definition of the CPM format and the generation rules. The
dimensioning study has been critical to identify inefficiencies generated by current
message generation rules. Two proposals have then been developed to address these
inefficiencies by controlling the amount of redundant data exchanged by vehicles and

reorganizing the cooperative perception messages to reduce the communications
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overhead. In addition, the thesis proposes different methods to combine these two
proposals to improve the effectiveness and scalability of the cooperative perception

service. All these contributions are explained in detail from Chapter 5 to Chapter 8.
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3 V2X Communicationsand
Cooper ative Per ception

This chapter presents some of the main technologies that influence the deployment of
cooperative perception in CAVs and that have been important for this PhD thesis. This
includesthe VV2X communications architecture and its access technol ogy, the cooperative
perception service and the DCC framework. We should highlight that the work conducted
in this thesis and the concepts presented in this chapter are aligned and compatible with

the current V2X communications standards.

Section 3.1 explains first the ITS communications architecture and the different layers
defined by ETSI that form the V2X communications protocol stack. Section 3.2 presents
the IEEE 802.11p/I TS-G5 Access technology that is used in thisthesis asit has been the
de-facto C-1TStechnology in Europe and the most matured and tested technology for the
V2X communications. All evaluations performed in this thesis are conducted using the
IEEE 802.11p/ETSI ITS-G5 radio access technology. Section 3.3 presents the DCC
framework defined by ETSI, and explains the DCC Access and DCC Facilities in detail
since they control the transmission and generation of V2X messages. Finaly, the Section
3.4 presents the recent developments in cooperative perception, and explainsin detail the
collective perception service defined by ETSI [5]. Thisincludes the CPM format and the

CPM generation rules.

3.1 V2X Communication Architecture

Figure 3 shows the ETSI ITS Communications Architecture for V2X communications
that includes the different layers of the protocol stack: Applications, Facilities, Transport
& Network, Access, Management and Security. The Applications layer is developed to
support multiple classes of applications that support the in-vehicle operations. These
applications are mainly grouped into active road safety, traffic efficiency, value-added
services and various other applications. Depending on the applications, the Application
layer specifies requirements such as reliability, security, latency and other performance

parameters. The Facilities layer supports Applications with a set of common
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functionalities that can be classified into Application Support, Information Support,
Communication Support and Session Support. The Facilities layer supports different
V 2X message generation components such as CPS, CA (Cooperative Awareness) basic
service, and DEN (Decentralized Environmental Notification) basic service among
others. These services generate and decode V2X messages like CPMs, CAMs and
DENMs respectively. Facilities layer manages the geographical position, location
referencing, time stamping, data presentations (e.g., ASN.1) and addressing. It also
provides access to the Local Dynamic Map (LDM) which is used to store and manage
both the static lane-specific information (e.g., roads, traffic lights) and dynamic object
information (e.g., vehicles, pedestrians). Facilitieslayer also supports serviceslike DCC
Facilities congestion control protocol that used to control the total amount of messages
that a node can transmit per second when there is a high congestion load in the network.

More details about this technology are provided in Section 3.3.

The Transport & Network layer specifies different protocols such as the GeoNetworking
[37] or the IPv6. GeoNetworking is an ad-hoc routing protocol adapted by ITS-G5 that
delivers packets using geographical positions. The Basic Transport Protocol (BTP) [38]
is a connection-less transport service that provides end-to-end delivery services to the
transmitted messages. BTP is responsible for multiplexing and de-multiplexing the V 2X
messages (e.g., CAM, CPM and among others.) and transmitting messages via the
GeoNetworking protocol. It aso enablesthe Facilitieslayer to directly accessthe services
provided by the GeoNetworking protocol. Pre-existing TCP/UDP transport and IP
networking protocols are a so supported for certain type of datatraffic, and 1Pv6 packets
can be transmitted using GeoNetworking protocol by adapting the sublayer GN6.

As shown in Figure 3, ETSI ITS communication architecture supports different
communication technologies at the Access layer. This includes the IEEE 802.11p/ETSI
ITS-G5 radio access technology that is adopted, without loss of generality, for the studies
performed in this thesis. More details about this technology are provided in Section 3.2.
The Management layer is responsible for managing the operations performed at the
different layers of the protocol stack. Finally, the security layer provides security, privacy
and protection to the exchanged V2X information. In addition to the existing ITS
communication architecture, ETSI is currently working on a second version of the
architecture to include Multi Channel Operation (MCO). In this regard, ETS| has
published a Technica Report [39] that specifies the functional and technical
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requirements of the MCO concept and extended the ITS communication architecture to
include M CO; thiswork was recently published in the Technical Specifications[40]. The
inclusion of MCO accommodates the growing (bandwidth) demands of the safety related

cooperative applications that mainly rely on V2X communications to transmit their
messages.
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Figure 3. ETSI ITS Communications Architecture [41].

3.2 |EEE 802.11p/ETSl ITS-G5

Without loss of generality, the IEEE 802.11p/ETSI ITS-G5 radio access technology is
considered in this thesis for the evaluation of the proposed solutions. |EEE 802.11p is
an amendment of |EEE 802.11 [50] specifically designed for V2X communications. It
has been adapted to the European context by ETSI in the ITS-G5 technology [51] and to
the USin the DSRC technology [52]. IEEE 802.11p mainly features the PHY and MAC

layers of the protocol stack to control the access of the radio channel.

At the PHY, |EEE 802.11p makes use of Orthogonal Frequency Division Multiplexing
(OFDM) modulation with 52 subcarriers that are modulated using BPSK, QPSK, 16-
QAM or 64-QAM. Convolutiona coding is used for the forward error correction with a
coding rate of 1/2, 2/3, or 3/4. The channel bandwidth is 10 MHz to reduce the impact
on the multipath delay spread and Doppler effects caused by the high mobility vehicular
environments. The modulation and coding schemes result in data rates between 3 Mbps
and 27 Mbps. The default data rate defined by ETSI is 6 Mbps, although recent studies

demonstrate that higher data rates can improve the system performance [53].

20



Atthe MAC, IEEE 802.11p operatesin ad-hoc mode using Carrier Sense Multiple Access
with Collision Avoidance (CSMA/CA). InCSMA/CA, anode having a packet to transmit
must first listen to the radio channel to check whether another node is transmitting. If the
channel is sensed as idle for a period higher than DIFS (Distributed InterFrame Space),
then the node transmits. If the channel is sensed as busy due to other nodes
transmissions, the node must defer its transmission until the end of the ongoing
transmission and wait for an additiona random backoff time before starting the
transmission. This backoff is used to minimize collisions between multiple nodes that
aso deferred their transmission since they also detected the channel as busy. The MAC
layer isfurther improved with Enhanced Distributed Channel Access(EDCA) from |EEE
802.11e to support packet priority and Quality of Service (Qo0S). To this am, four
different priority queues are utilized to prioritize the packets based on its access category.
Although CSMA/CA reduces packet collisions by adapting the backoff mechanism, it
still suffers from hidden terminal problem. The hidden terminal problem occurs when
two (or more) vehicles that are out of their carrier sensing range and cannot detect each
other’s transmissions, transmit packets simultaneously causing a packet collision at the
destination vehicle. As an example, in Figure 4, the transmission of vehicle A is not
detected by vehicle B and vice versa, so both vehicles transmit a packet at the same time
as they do not detect that the channel is busy. However, node C is in the transmission
range of both vehicles and would simultaneously receive packets from A and B, thereby

experiencing packet collision and a packet loss due to interference.
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Figure 4. Hidden termina problemin |EEE 802.11p.
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3.3 Decentralized Congestion Control

Cooperative perception relies on the V2X exchange of information about the detected
objects and its effectiveness depends on the correct reception of the exchanged V2X
messages. The performance of V2X communications is highly influenced by the
communication channel load since high channel load levels increase the risk of packet
collisions. Vehicular networks integrate congestion control algorithms to control the
channel load and avoid channel congestion [33]. These protocols can modify the packet
generation and transmission rate or the power at which the messages are transmitted and
even drop packets. Congestion control algorithms can then ater the generation and
transmission of V2X messages and could then impact the effectiveness of cooperative
perception [2].

ETSI has specified aDCC framework for V2X communications that spans over multiple
layers of the protocol stack as shown in Figure 5. In particular, ETSI DCC has defined
DCC_ACC, DCC_NET, DCC_FAC and DCC_CROSS components. The DCC_ACC
[43] component isin the Access layer and operates as a gatekeeper to control the traffic
that is effectively transmitted by each vehiclee DCC _NET [44] is optional and
implemented at the Networking & Transport layer. It enables vehicles to exchange
information about the channel load they sense so that each vehicleisaware of the channel
load experienced by its one-hop and two-hop neighbors. The DCC_FAC [45] iscurrently
defined as optional and is implemented at the facilities layer. For each vehicle, the
DCC_FAC controls the number of messages generated by each application/service to
proportionally distribute the channel resources. DCC_CROSS [46] defines the necessary
management support functions for DCC and the required interface parameters between
the DCC management entity and the DCC entities defined in the Facilities, the
Networking & Transport and the Access layers. For al DCC components, the upper
limits of the maximum transmission duration and the minimum time interval between
two consecutive transmissions are defined in ETSI EN 302 571 [47].

22



Applications

Facilities

DCC_FAC
13
= 8 Transport & Network 2
4] 5
219 DCC_NET 3
518 3
Z A

Access

DCC_ACC

Figure 5. ETSI ITS Communications Architecture with DCC components

3.3.1 DCC Access

The DCC Access (DCC_ACC) [43] component is in the Access layer and acts as a
gatekeeper to adapt the amount of time that each vehicle can access the channel as a
function of the channel load. DCC Access can make use of prioritization, queuing and
flow control to control the transmission rate of the different types of packets generated
per vehicle. To thisaim, prioritization classifies the generated packets according to their
traffic class. Four different traffic classes are differentiated by DCC Access and the
messages are mapped to four DCC profiles (DPs): DP0O, DP1, DP2 and DP3, where DPO
has the highest priority. At the lower layers, these DCC profiles are mapped to the
corresponding EDCA access categories of ITS-G5 [48]. Then queuing is applied with
four different DCC queues to map the packets generated with each traffic class. Each
DCC queue follows a first-in-first-out (FIFO) scheduling policy so that the packet that
has been waiting longer in the queue is transmitted first. The DCC Access queuing
mechanism drops those packets that have been waiting in the queue for a time longer
than their lifetime. When a queue is full, no more packets are accepted. Finaly, flow
control is applied to de-queue packets from the DCC queues and send them to the lower
layers for their radio transmission. Packets in higher priority queues are de-queued first.
A packet in the low priority queue is only de-queued if there is no packet with a higher
priority waiting in its corresponding queue. As aresult, lower priority packets can suffer

from starvation and never be transmitted [2].

DCC Access defines two potential approaches to control the packet rate transmitted per
vehicle: Reactive and Adaptive. Both approaches adapt the time between consecutive
packet transmissions based on the channel load or CBR (Channel Busy Ratio). The CBR

is defined as the percentage of time that the channel is sensed as busy. However, the main
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difference between Reactive and Adaptive approaches relies on the flow control process.
It isimportant to note that ETSI does not mandate the use of any approach, and the C2C-
CC does not define a concrete algorithm in its Basic System Profile [49] to implement

DCC. We evaluate these two approaches because they are widely used.

3.3.1.1 Reactive Approach

The Reactive approach performs flow control using a state machine [43]. As shown in
Table 1, each state is mapped to a range of CBR values and the minimum time interval
(Torr) allowed between message transmissions. Tort iS the inverse of the maximum message
transmission rate allowed per vehicle in each state as shown in the table. When the CBR
changes, the Reactive approach switchesto the corresponding state, changing the minimum
Tot and maximum message rate allowed per vehicle. As a result, vehicles dynamically
adapt their message rate based on the CBR.

Table 1. Mapping of CBR valuesto states and T for Ton< 0.5 ms[43].

State CBR Packet rate Toff
Relaxed < 30% 20Hz 50 ms
Active l 30% to 39% 10Hz 100 ms
Active 2 40% to 49% 5Hz 200 ms
Active 3 50% to 65% 4Hz 250 ms
Restrictive > 65% 1Hz 1000 ms

3.3.1.2 Adaptive Approach

The Adaptive approach performs flow control using a linear control process. This
approach is designed to adapt each vehicle packet transmission rate in order to converge
the channel load to a target value CBRuarge=68%. To this aim, each vehicle adapts every
200 ms the parameter 6 that represents the maximum fraction of time that a vehicle is
alowed to transmit. The parameter 6 is updated based on the difference between the
current CBR sensed and the target CBR using the following equation:

8=(1—0a) 8+ 8yrrser Q)
where
8orfset = B + (CBRtarget — CBR) 2
and
Gmax < Sopfset < Gmax ©)

The vaues of the parameters are defined in [43] as «a=0.016, £=0.0012, G,,,,=-0.00025

and G;,,=0.0005. The protocol computes then the time between packet transmissions

24



(Torr) after every transmission. To thisaim, it considers the duration of the current packet
(Ton) and the fact that 0.025s < Tor<1s:

Ton @

Torr =5

3.3.2 DCC Facilities

DCC _FAC [45] is defined as optional and is implemented at the Facilities layer when
considered. It controls the number of messages generated by each application/service
within each vehicle. The control takes into account the messages' traffic classes or DCC
profiles (DPs). Thus, DCC_FAC distributes access to the channel among the different
applications/services within each vehicle. The standard does not specify any particular
algorithm, but suggests one in the annexes [45], which has been adopted in this thesis.
This algorithm currently supports I TS-G5 technology and future releases of DCC_FAC
will incorporate other technologies such as LTE-V2X and 5G NR V2X, aswell asMCO.

The DCC_FAC dgorithm specified in the standard annexes makes use of the DCC
Access limit, the message size and the message interval from each application/service
and traffic class to proportionally distribute the channel resources. It is to be noted that
distributing the channel resources with ITS-G5 is equivalent to distributing the channel
access time. To perform this channel resources distribution, each vehicle first computes
the average channel resources consumed by each application/service with index j and
traffic class with index i based on the specific DCC Access algorithm adapted at the

access layer.

For the Adaptive approach, the average channel resources consumed by each
application/service with index j and traffic class with index i are estimated as:

_ T
CREU- = Lj_ (5)
Tonij + Togrij

For the Reactive approach, these resources are estimated as:

1

(©)

Tofrij
where the average message duration T,,, ;; and the average message interval T, 5 ;; are
computed from the last second. Equation (5) is defined in the standard, but we adapted

equation (6) for the Reactive one because it uses only Toft, which is defined as the
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minimum time interval alowed between message transmissions. Using equation (5) or
(6), the total channel resources CR; from all applications/services of traffic classi can be
calculated as:

CR = ) TREy ™
-
The channel resources CBR, is defined as the available CBR percentage per radio
channel for avehicle and this value represents the upper limit of the time fraction that the
vehicleis alowed to transmit on the radio channel. For the Adaptive approach, CBR, =
é, i.e., the maximum fraction of time that avehicleis alowed to transmit. However, for
the Reactive approach, CBR, = 1/T,sy, i.€., the maximum number of messages that the
vehicle can transmit per second. CBR,, is used by DCC Facilities as an input to distribute
the available channel resources among the different traffic classes. The traffic class with
the highest priority is TCo, so the available channel resources for this traffic class ACR,,
is set equal to CBR,. If traffic class TCo does not consume al the available channel
resources for the vehicle, the remaining resources are assigned to the next traffic class.

Asaresult, ACR; for traffic classi is calculated as:
ACR; = max(0,ACR;_; — CR;_;) 6)

Equation (8) can be applied to both Reactive and Adaptive approaches at the DCC
Access, but ACR; represents a fraction of time for Adaptive and a message rate for
Reactive since they use a different CBR,. DCC Facilities then identifies the channel
resources ACR;; that each application/service j belonging to the same traffic classi can
use. To this aim, it considers the average channel resources consumed by each
application/service calculated with equation (5) for Adaptive and equation (6) for

Reactive:

CRE;;
ACR;; = CRf] x ACR; ©)
L

For the Adaptive approach, the minimum interval T, s i, ;; fOr €ach application/service

with index j and traffic class with index i can be then calculated as follows:

1— ACR;

Torrminij = Tonij X —7p (10)

i
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For the Reactive approach, ACR;; isamessage rate and the minimum interval T, ¢ ¢ min i
can be directly computed as:

1
T = ——
of f minij ACRU- (ll)

Ty minij 1Sthen used to adapt the minimum time interval between message generations
of each application/service and traffic class. As a result, the time interval between
consecutive messages of each application/service and traffic class is dynamically adapted
to satisfy the DCC Access limits imposed to each vehicle[2].

3.4 Cooperative perception

Different standardization bodies such as ETSI [5] and SAE [6] are working on the
definition of new V2X standards for cooperative perception. SAE has not yet published
its standard but ETSI has defined a so-called Collective Perception Service standard and
has aready published the Technical Report (TR 103 562) [5] and the draft version of the
Technical Specifications (TS 103 324) [10]. The published Collective Perception Service
defines all the necessary functions and interfaces to implement cooperative perception
using V2X communications. In particular, it includes the definition of the CPM format
that includes the necessary message headers and different containers, the CPM generation
rules to decide when a new CPM should be generated and what information it should
include, and other main interfacesthat support the deployment of cooperative perception.
More details of the CPM format and the generation rules are further presented in the

following subsections.

3.4.1 Collective Perception M essage for mat

The CPM is abroadcast message that will use V2X communications to complement the
capabilities of on-board sensors and improve their safety and driving. The CPM contains
information about the sender vehicle or RSU (Road Side Unit), its on-board sensors
configurations (e.g. their range, field of view, etc.), and the dynamics of the detected
objects (e.g. its position, speed, size, etc). As shown in Figure 6, every generated CPM
includes an ITS PDU (Protocol Data Unit) header and 5 types of containers. a
Management Container, a Station Data Container, a Sensor Information Container, a
Perceived Object Containers and a Free Space Addendum Container. In particular, the

ITS PDU header [42] includes data elements such as the protocol version, the message
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ID and the station ID. The Management Container is mandatory and contains basic
information about the transmitter, including its type (e.g., vehicle or RSU) and position.
The Station Data Container is optional and includes additional information about the
originating vehicle or RSU. The Sensor Information Container is optional and describes
the sensing capabilities of the transmitter. In particular, each Sensor Information
Container includes data el ements such as the sensor 1D, sensor type (e.g., radar, lidar or
asensor fusion system) and its detection area. The Perceived Object Container is optional
and describes the dynamic state and properties of the detected objects. In particular, each
Perceived Object Container includes the:

e Object ID that identifies the object and can be used for tracking purposes;

e Time of measurement that provides the time difference between the message
generation time and the object measurement time;

e |Dsof the sensors that have detected the object;

e Position, speed, acceleration and size of the object (among other fields);

e Confidence associated to the object;

e Object type (vehicle, person, animal, other).

The Free Space Addendum Container is optional and describes the free space areas
within the sensor detection areas. In addition, it includes their associated confidence
levels. It isto be noted that each CPM can include up to a maximum of 128 individual
containers from each Sensor Information Container, Perceived Object Container and

Free Space Addendum Container.

ITS PDU

Header Collective Perception Message

Generation

Delta Time CPM Parameters

I_...."m| Ehuline Disin Fercapeion Dees Casislear {{FercaprionDois )}
Ca = = e S = i
g ',-\_-.I'h:' Brrmoy 1 Fomnpr Frrom e Parrwyod Frpe Spwny | Frem Spers
L 0 Irfturrmatian | It raliae Ik jurf Thard erldreretars Hdvmidire
Dogpiging || Conmive i | Conilabiad 180 1 LER = B |E 33
FL eI Iepdinea iopreral | i |

vemie 1sets || joprsasy |
Caresirsr |

Figure 6. CPM format (adapted from [5]).
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3.4.2 Collective Perception M essage generation rules

The CPM generation rules define when a vehicle or RSU should generate and transmit a
CPM and the information the CPM should include (e.g., which detected objects must be
included). The CPM generation rules defined by ETS! in [5] will be used as areferencein

thisthesis and referred to as the baseline generation rules.

The baseline generation rules establish that a vehicle has to check every T_GenCpmif a
new CPM should be generated. T_GenCpm should be set between 100 ms and 1000 ms,
and can be adapted by DCC based on the channel load (see Section 3.3). For every
T_GenCpm, a vehicle should generate anew CPM if it has detected a new object (i.e., an
object that the vehicle has not transmitted before), or if any of the following conditions are
satisfied for any of the previously detected objects:

1. The absolute difference (AP) between the current position of the object and its
position the last time it was included in a CPM is higher than 4 m.

2. Theabsolute difference (AS) between the current speed of the object and its speed
the last time it was included in a CPM is higher than 0.5 m/s.

3. The time difference (AT) between the current time and the last time the object
wasincluded inaCPM ishigher than 1 s.

Thevehicleincludesin anew CPM all new detected objects and those objects that satisfy
at least one of the previous defined conditions (i.e., AP>4m or AS>0.5m/s or AT>1s). A
CPM is still generated every second even if none of the detected objects satisfy any of
the previous conditions. The information about the on-board sensors are included in the
CPM only once per second. The pseudo-code for the baseline generation rulesis provided
in Algorithm 1.

ALGORITHM |. BASELINE GENERATION RULES
Input: Detected objects
Output: Objects (if any) to include in CPM
Execution: Every T_GenCpm
1. For every detected object do
If the object is anew detected object then
3 Include object in current CPM
4 Else
5 Calculate AP, ASand AT since the last time the object was included in aCPM
6 If AP>4m|| ASS0.5m/s|| AT>1 sthen
7. Include object in current CPM
8
9
10.

N

End If
End If
End For
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4 Simulation Platform and
Scenarios

Simulations are used in this PhD thesis to evaluate the performance of cooperative
perception and the different proposals. Simulations provide the necessary flexibility and
accuracy needed to evaluate large scale scenarios, and also present an adequate
compromise between accuracy, scalability, and repeatability. In this context, the research
to be carried-out on cooperative perception demands an accurate system-level simulation
of the vehicular network. In particular, it demands an accurate modeling of the radio
access technology, the different layers of the V2X communication protocol stack
(including DCC) and an adequate radio propagation model. The vehicular network
should support different market penetration rates and the connected vehicles in the
scenario should be able to generate and transmit different V2X messages (e.g., CAM and
CPM) following the standard definitions. Also, realistic road traffic modeling isrequired
given the importance of the vehicular mobility (i.e., position and speed) for the detection
of nearby vehicles using the on-board sensors. The sensing capabilities of each vehicle
in the scenario should be carefully modeled to detect objects and should have the
adaptability to incorporate multiple sensors with different range and field-of-view
configurations. This chapter describes the simulation platform implemented and utilized.
It also explains the traffic scenarios used and the main parameters considered, as well as

the performance metrics used in this thesis.

4.1 Simulation platform

The research conducted is performed using the discrete event-driven network simulator
ns3 and the road mobility simulator SUMO (Simulation of Urban MObility). The ns3
simulator is an open-source software implemented using the C++ programming
language. The ns3 software is built with a different set of libraries that can be integrated
together to simulate vehicular networks and provides flexibility to add new libraries or
even extend the existing ones. In this thesis, ns3 is adapted to use the ITS-G5 [51] V2X
standard based on | EEE 802.11p for simulating vehicular networks. The simulator isalso

expanded with additional librariesthat include a collective perception service component
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following the ETSI specifications (Section 4.1.1), a sensing component to simulate
different sensing capabilities of vehicles (Section 4.1.2), the ETSI DCC framework
(Section 4.1.3) and aradio propagation component (Section 4.1.4). The capabilities and
functionalities of each developed and integrated components are explained in detail in

the following subsections.

For modeling the road traffic scenarios, the ssimulator SUMO is used. SUMO is an open
source microscopic simulator that can handle large networks. It can generate continuous
traffic and integrates areliable car following model. Based on the scenario configurations
(e.g. vehicle density, number of lanes, speed per lane), SUMO generates the vehicle
mobility patterns that contain the detailed position information of every vehicle in the
scenario. These vehicle mobility patterns arethen extracted from SUMO asmobility trace
information and exported into ns3 to generate the vehicle mobility in the simulation

scenario.

4.1.1 CPS component

We have developed in this PhD thesis a CPS component in ns3 that strictly follows the
CPM format and generation rules defined by ETSI (see Section 3.4). To this aim, each
vehicle in the simulation scenario stores different information in its database. This
includes, for example, the dynamic information (e.g., position, speed and heading) of its
own and other detected vehicles. It aso stores the on-board sensor configurations that
need to be added in the CPM based on the applied generation rules. Using this
information, the CPM component can implement baseline generation rules (see Section
3.4.2) and generate CPMs. When a CPM is generated using baseline generation rules, it
includes all the necessary containers and their respective data fields in the CPM (see
Section 3.4.1). Thisenablesthe vehiclesto transmit CPMswith real dynamic information
which can bereceived at thereceiver vehiclesfor further processing. The CPS component
aso has the ability to dynamically compute the CPM size based on the number of
mandatory and optional containers included in each CPM. The number of containers
included in the CPM depends on the number of detected objects and on-board sensors.
The developed CPS component can support large simulations and be easily imported to

any version of ns3.
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4.1.2 Sensing component

A sensing component has also been developed in ns3 within this PhD thesis to integrate
the sensor capabilities for every vehicle in the scenario. With this component, each
vehicle can have multiple sensors and each sensor can be configured with a different
sensor range and field of view. The 2D sensor shadowing effect (sensor masking) is
implemented in the XY -plane (shown in Figure 7) such that the sensors can detect only
the vehiclesthat arein their Line-of-Sight (LOS); the occluded vehicles are not detected.
When vehicles have multiple sensors, this component has the facility to enable or disable
the sensor fusion in the scenario. For example, when sensor fusion is enabled and if
several sensors in a vehicle detect the same object, their information is fused, and the

object is reported only once in each generated CPM.

Figure 7. Sensor shadowing effect

4.1.3 DCC component

The DCC component devel oped in ns3 integrates the existing i mplementation of the DCC
Access modulethat is publicly available in [54]. Thisis aplug-and-play module that can
be easily integrated into ns3. The DCC Access module enables the vehicles in the
scenario to select Reactive or Adaptive approach to control the channel load. Thismodule
alows controlling different parameters such as queue length, message lifetime in the
gueue or message priority (DCC profiles), among others, which provides high flexibility
in evaluating the DCC Access. In this thesis, a DCC Facilities module has also been
implemented for ns3 that follows the algorithm presented in Section 3.3.2. The DCC
Facilities module dynamically adapts its equations based on the DCC Access approach
enabled at the access layer to control the number of generated V2X messages. The DCC
Facilities module support vehicles to generate different V2X message types (e.g., CAM
and CPM) that can be configured with the same or different priorities. This provides more

flexibility in analyzing the relevance and impact of several configurationsin DCC.
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4.1.4 Radio propagation component

The simulator ns3 has also been extended in this thesis with a radio propagation model
for computing the path loss and shadowing effect. In particular, the Winner+ Bl
propagation model has been implemented following the 3GPP recommendations (TR
36.885) for V2X simulations [55]. Winner+ B1 model uses alog-distance model for path
loss and takes into account the propagation conditions between Line-of-sight (LOS) for
the highway scenarios (see Figure 8a) and Non-line-of-sight (NLOS) for the urban
scenario (see Figure 8b) for considering the strong impact of buildings on the V2X
communications. The pathloss also considers the antenna height of 1.5m for both
transmitting and receiving vehicles and when the distance between transmitter and
receiver islessthan 3m, the pathloss for 3mis computed. Finally, the computed path |oss
(especialy useful for LOS conditions) is compared with the free-space path loss (i.e.,
line-of-sight path through free space) condition and the highest value is applied to the
packet. The shadowing effect is modeled using alog-normal distribution with zero mean
and a standard deviation of 3 dB for LOS and 4dB for NLOS is applied.

(8) Line-of-sight (LOS) (b) Non-line-of-sight (NLOS)

Figure 8. Propagation condition scenarios

4.2 Scenariosand parameters

4.2.1 Traffic scenarios

In this thesis, the ssimulations are conducted on a highway scenario with varying traffic
densities. The highway scenario is created as a straight road segment with alength of 5
km and the vehicles travel on both directions as shown in Figure 9. Table 2 shows the

different traffic densities selected for the highway scenario that corresponds to a service
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level C according to the Highway Capacity Manual [56], i.e., vehicles can drive at a speed
close to the free flow speed but freedom to maneuver within the traffic stream is
restricted. The low and medium traffic densities are configured with 3 lanes per driving
direction and the high density with 4 lanes per driving direction. A higher traffic density
has been considered in this study to analyze the scalability of cooperative perception in
the vehicular network. For each traffic density, the speed for each lane has been selected
based on the statistics of atypical 3-lane US highway obtained from the PeM S database
[57]. Vehicles in the scenarios measure 5 m x 2 m. To avoid boundary effects, the
statistics are only taken from the vehicles located in the 2 km around the center of the

simulation scenario (see the blue square in Figure 9).

Table 2. Highway traffic scenarios

Traffic density scenarios

Parameter Low Medium High
Number of lanes 6 6 8
Traffic density [veh/km] 60 120 240
140 70
Speed per lane [km/h] 132 66 ok
118 59

Figure 9. Highway scenario
4.2.2 CPSand CA parameters

In thisthesis, the CPM sizeis dynamically computed based on the number of mandatory
and optional containers included in each CPM. The average size for each container in
the CPM has been configured following the values presented in Table 3 [58]. Another
important aspect in the CPS component is configuring T_GenCpm. T_GenCpm is a
parameter that specifies how often the ETSI CPM generation rules are checked, i.e., the
baseline generation rules are checked every T_GenCpm. It is specified that T_GenCpm
must be between 0.1s and 1s (Section 3.4.2). Many existing studies in cooperative

34



perception opted for a default low T_GenCpm (e.g., 0.15)[23][24][25]. Opting for a
default low T_GenCpm value enables rapid transmission of newly detected objects and
provides a higher resolution for the timely transmission of previously detected objects.
For example, if an object needs to be included in a CPM every 0.28s based on its speed
and T_GenCpm value is equa to 0.1s, the object will be included for every 0.3s.
However, if T_GenCpm is equa to 0.2s, the object will be included for every 0.4s,
resulting in a less frequent transmission of the object information. For this reason,
T _GenCpmis set to 0.1s by default for al the evaluations, and thus the maximum CPM
rateis 10 Hz.

Table 3. CPM containers

CPM Container Size

ITS PDU header

+ Management Container 121 Bytes

+ Station Data Container

Sensor Information Container 35 Bytes per sensor
Perceived Object Container 35 Bytes per object

The CAM generation rules are implemented in ns3 following ETSI [8]. When CAM
generation is enabled in the scenario, vehicles generate CAMs following the CAM
generation rules and the size for each CAM is set equal to 350 bytes following [59]. The
default T_GenCam parameter has been set to 0.1 s, so the maximum CAM rateis 10 Hz.
By default, vehicles do not generate CAMs in the ssmulation scenario and when enabled

it is specifically mentioned.

4.2.3 Communication and DCC parameters

By default, all vehicles ssimulated in the scenarios are equipped with an ITS-G5
transceiver with 100% market penetration rate and use the same channel for message
transmissions. The vehicles transmit messages using the 6 Mbps data rate (i.e., QPSK
modulation with %2 code rate). The transmission power is set to 23 dBm and the packet
sensing threshold to -85 dBm. For radio propagation, Winner+ B1 propagation model is
used. The main communications parameters used for the evaluations in this thesis are

summarized in Table 4.
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Table 4. Communication parameters

Parameter Values
Transmission power 23dBm
Antennagain (tx and rx) 0dBi
Channel bandwidth 10 MHz
Carrier frequency 5.9 GHz
Noise figure 9dB
Energy detection threshold -85 dBm
Datarate 6 Mbps (QPSK 1/2)

Regarding the DCC parameters, the DCC Access implements 4 different queues, one for
each traffic class. Each queue length is configured to amaximum of 2 messagesfollowing
[60], and those packets that have been waiting in the queue for atime longer than their
lifetime of 1 second will be dropped and not get transmitted. Each queue follows a FIFO
scheduling policy so that the packet waiting longer in the queue gets transmitted first.
When DCC Facilitiesis activated, it adapts the equations based on the approach (Reactive
or Adaptive) activated in the DCC Access (see Section 3.3.1). Since DCC Facilities
controls the number of messages each V2X message service (e.g., CAM and CPM) can
generate, it dynamically adapts the T_GenCpm and T_GenCam values to ater the
message generation rate.

4.2.4 Sensor Parameters

Three different sensor configurations are primarily used for the evaluations as shown in
Table 4. In the forward sensors' configuration, vehicles are equipped with two forward
facing sensors following [5]. The 360° sensor configuration considers a single circular
shape sensor with 360° field of view following [5]. The Tesla sensors configuration
follows [61] and equips the vehicles with seven sensors. By default, it is considered that
the vehiclesimplement sensor fusion in the evaluated scenarios and the information about
an object detected by multiple sensors are reported in the CPM as a single object. When
sensor fusion is not used, it is specifically mentioned and the study assumes that the
information about an object detected by multiple sensorsisreported in the CPM multiple

times.
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Table 5. Sensor configurations

Sensor Specification Range (m) FOV (9
Forward Mid-range radar 65 +40
Long-range radar 150 5
360° Circular radar 150 360
Narrow forward camera 250 +15
Radar 160 +15
Main forward camera 150 22

Teda Forward side cameras 80 +25-115
Wide forward camera 60 +60

Rear view camera 50 +115-180

Rearward side cameras 100 +150-180

4.2.5 Simulation parameters

Each evaluated configuration is simulated multiple times in ns3 using different seeds to
obtain randomness across multiple simulation runs and ensure sufficient statistical
accuracy of the results. The simulator (ns3) initially runs each scenario for around 290
seconds so that vehicles occupy the highway in both driving directions. Starting from
290 seconds, the vehicles enable V2X communications and start transmitting V2X
messages like CAMs and CPMs according to the adapted configuration. However, a
buffer time is considered for the first 10 seconds (from 290 to 300 seconds) and the
generated results are not considered for the evaluation. Starting from 300 secondsto 320
seconds (around 20 seconds), the results are considered for the evaluation and the
generated logs are stored in CSV files. The CSV files are then post-processed in Matlab

and different metrics are computed (see next section) for the evaluation.

The ns3 simulations and Matlab processing are executed in a high-performance
computing cluster made up of 24 high-end multi-processor servers, with more than 250
CPUs, 500GB of RAM and 27TB of storage capacity. The cluster offers a large
computational power for the execution of large-scale simulations with a high level of
complexity, such as those carried out in the framework of this PhD thesis. It uses
specialized process management software to manage the system and supports multithread

processing.
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4.3 Evaluation metrics

In this thesis, different metrics are used to evaluate the effectiveness and scalability of
cooperative perception. The metrics mainly analyze the operation and perception
capabilities of cooperative perception and also the communications performance. This
section defines the different metrics used in this thesis.

CPM generation rate: This metric defines the number of cooperative perception
messages generated per second per vehicle at the Facilities layer. It is computed in
intervalsof 1 second for al vehiclesin the simulation. From this metric, the average CPM
generation rate, or the PDF (Probability Density Function) of the CPM generation rate
can be computed. As an example, Figure 10a shows a set of CPMs generated by an ego
vehicle at the Facilities layer as a function of time. In this example, the ego vehicle
generates 6 CPMs in one second. This metric is used to analyze the operation of
cooperative perception.

1L 3 i1 b
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(a) Ego vehicle generated CPM s at the Facilities layer
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(b) Ego vehicle transmitted CPMs at the Access layer
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Figure 10. Measurement of CPM generation and transmission rate

CPM transmission rate: This metric defines the number of cooperative perception
messages transmitted per second per vehicle at the Access layer. It is aso computed in
intervalsof 1 second for al vehiclesin the simulation. From this metric, the average CPM
transmission rate and the PDF of the CPM transmission rate can be derived. The main
difference between the “CPM generation rate” and “CPM transmission rate” is that the
CPM generation rate computes the CPM s generated at the Facilities layer, and the CPM
transmitted rate computes the CPM s actually transmitted at the access layer since not all
CPMs generated are transmitted. This difference is particularly important when DCC is
activated. The generation rate and transmission rate could vary because DCC could drop

or delay CPMs at the Access layer. As an example, Figure 10b shows the CPMs
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transmitted at the Access layer. In this example, the ego vehicle transmits only 4 CPMs
inan interval of 1 second with some delay when compared to the generation time of the
CPM at the Facilities layer (see Figure 10a). This metric is used to analyze the operation
of cooperative perception, especially when incorporating DCC because DCC could drop
packets at the Access layer. If DCC is not considered, all the generated messages at the

Facilities layer are transmitted at the Access layer.

Time Between Updates (TBU): This metric defines the time difference between two
successive CPMs that receive information about the same object. For every vehiclei and
object j, the time between updates TBU; ;(d) for a distance d between object and vehicle
receiving the CPM is computed as:

Mi’j(d)—l

.k.
TBUL-J(d)= Z ATl,](d)
k=

M; ;(d) ©

where AT/;(d) denotes the time difference between two successive CPMs (cpPm, and
CPM,,,) received by vehicle i that contain information about object j when the distance
between them is between d-AD/2 and d+AD/2, with AD=25 m. M, ;(d) denotes the number
of CPMsreceived by vehicle i that contain information about object j when the distance
between them is between d-AD/2 and d+AD/2. Finally, the computed TBU; ;(d) from every
vehicle i and object j is averaged for every distance d and repeated for other distances.
This metric can be plotted as the average time between updates as a function of the
distance between the detected object and the vehicle receiving the CPMs. This metric is

used to analyze how often an object is updated at the receiver with respect to time.

Distance Between Updates (DBU): This metric definesthe distance travelled by an object
between two successive CPMs received by a given vehicle with information about that
object. For every vehicle i and object |, the distance between updates DBU; ;(d) for a
distance d is computed as:

My j(d)-1

—k
4D, ;(d)
k=1 b

where Aﬁf,-(d) denotes the travelled distance between two successive CPMs (cpMm, and

CPM,,,) received by vehicle i that contain information about object j when the distance
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between the vehicle and the object is between d-AD/2 and d+AD/2. M; ;(d) denotes the
number of CPMs received by vehiclei that contain information about object j when the
distance between them is between d-AD/2 and d+AD/2. Finally, the computed DBU; ;(d)
from every vehiclei and object j is averaged for every distance d and repeated for other
distances. This metric can be plotted as the average distance between updates as a
function of the distance between the detected object and the vehicle receiving the CPMs.
This metric is used to analyze the distance traveled by the object between the two

successive received updates.

Information Age (1A): The information age metric is defined as the difference between
the time the CPM is generated at the Facilities layer of the transmitter and the time the
CPM has been received at thereceiver. In this metric, the distance between the transmitter
and receiver does not have a significant impact because the propagation delay is

negligible. For every vehiclei, theinformation age 14; is computed as:

AT,
IA; = E —
M; (14)

where 4T, is the difference between the time the cPM,, is generated at the transmitter and
the time the cpM, has been received at the receiver. M; denotes the number of CPMs
received by vehiclei. This metric is used to analyze the time taken for a packet to reach
the destination since the packet is generated. Thisinformation is particularly useful when
DCC is activated because DCC could additionally delay the transmission of the packets

due to queuing.

Channel Busy Ratio (CBR): The CBR metric is defined as the percentage of time that the
channedl is sensed as busy and is calculated following the ETSI Technical Specification
in[62] as.

Tbusy

CBR =
Ter (15)

In this equation, Thusy 1S the time during which the strength of received signals exceeds -
85 dBm. Thusy is computed over a period of Teer= 100 ms following [62]. The process
used to compute the CBR is illustrated in the example of Figure 11, which plots the

received signal as a function of time, during a Tcer period. In this example, 3 packets



arrive to the radio interface, but only packets 1 and 3 are received with asignal strength
higher than -85 dBm. Therefore, Thusy iS equal to the time duration of these two packets,
highlighted in green in the figure. When there is a packet collision, the same procedure
is followed, but the overlapping part is only added once to Thusy. Thisis one of the main
metrics for analyzing the communications performance and it is mainly used to estimate
the channel load generated in the network.

Received

signal

Teer

-85 dBm

Packet 1 Packet 2 Packet 3

> Time

Figure 11. Measurement of CBR.

Packet Delivery Ratio (PDR): the PDR(d) metric is defined asthe probability of correctly
receiving a packet at a given distance d to the transmitter. The PDR is calculated for a
given transmitting vehicle j as:

YL, X ;(d)

PR =50 v, @ (16)

In this equation, Yij(d) isthe number of vehicles that are located at a distance between d-
AD/2 and d+AD/2 to the transmitter when the transmitter transmits packet i. Xi;(d) isthe
number of vehicles that successfully receive such packet i. Note that Xi;(d)< Vi;(d) and
therefore PDRj(d)<1. N denotes the number of transmitted messages and AD=25 m. The
overall PDR at agiven distance is computed as the average of al transmitting vehiclesj.
Thisis also one of the main metrics for analyzing the communications performance and

itismainly used to analyze the ratio of successfully received packets.

Object Perception Ratio (OPR): The OPR metric is used to measure the perception
capabilities. This metric is defined as the probability to detect an object within a given
time window AT thanks to the exchange of CPMs. It is considered that a vehicle
successfully detects an object if it receives at |east one CPM with information about that
object during AT. The time window has been set equal to the time required by the CPM
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generation rules for a vehicle to send an update about a detected object considering the
speed of the object. This adaptation has been done to fairly measure the OPR for objects
moving at different speeds. For example, an object that is stopped will only be included
inaCPM once every second by avehicle detecting it. However, an object moving at 100
km/h will be included every 200 ms. The time window AT is therefore dynamically
computed for each object based on its speed Sas AT = T_GenCpm - [4- S~ - T_GenCpm™1],
with AT < 1 s. This computation considers that an object moving at speed Sisincluded
in a CPM every time it has moved 4m, and that the CPM period is a multiple of
T_GenCpm. Considering T_GenCpm=100 ms (0.1 s), Figure 12 plots the resulting time
window as a function of the object speed.
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Figure 12. Time window as a function of the speed.
Every time anew CPM is received with information about an object, its AT is updated.
Considering this dynamic adaptation of the time window, the OPR metric of vehicle i
and object j is:

Si,j(d)
T; ;(d) (17)

Tij(d) is the time during which object j is located at a distance between d-AD/2 and
d+AD/2 fromvehiclei. S j(d) isthe time during which vehicle i has successfully detected
object j and their distance was between d-AD/2 and d+AD/2; note that Sj(d) < Tij(d). To
calculate Sj(d), it istaken into account all the CPMsreceived by vehiclei during thetime
interval Tij(d) that contained information about object j. Figure 13 illustrates how the
received CPMs are taken into account. Figure 13a considers, as an example, that 4 CPMs
were received during Tij(d) at ti, tz, t3 and ta. Every time a new CPM is received, the
object is considered successfully detected during time window AT. Therefore, the green

areasin Figure 13aillustrate the time during which the vehicle has successfully detected
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the object. The ratio between S;(d) and Tij(d) is OPRi;(d). If the green areas do not
overlap, asin Figure 13a, the calculation of Sj(d) isrelatively simple sinceit is equal to
the sum of the time duration of al the green areas. However, when two CPMs are
consecutively received (e.g., coming from different transmitting vehicles), it needs to
consider the timeinterval between them. Thisisillustrated in Figure 13b for CPMs 3 and
2. As it can be observed, the time window of the second CPM (AT?) is higher than the
time interval between the reception of the second and third CPMss (ts-t2). Asaresult, the
green areas associated to these two CPMs overlap. To avoid taking into account this
overlapping area twice in the computation of S j(d), the minimum between t+1 - tk and

ATk for a given CPM received at t has to be considered. More specifically, S; ;(d) =
Y si(d), where sf;(d) is the minimum between t:1 - tc and ATk. Finally, the OPR
metric at adistance d is computed asthe average value of OPR; j(d) for all vehiclesi and

al objectsj. AD has been set equal to 25 min this study. Thisis one of the main metrics

for analyzing the performance of cooperative perception techniques.
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(b) CPMs 2 and 3 are received with an interval lower than the time window AT
Figure 13. Computation of the OPR metric.

Detected Object Redundancy (DOR): The DOR metric is defined as the number of

updates received within a given time window AT about the same object through the
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reception of CPMs. For every vehicle i and object j, the detected object redundancy

DOR,; ;(d) for adistance d is computed as:

M; j(d)

where R j(d) denotes the successful reception of object j received by vehicle i when the
distance between them is between d-AD/2 and d+AD/2. M; ;(d) denotes the number of
CPMs received by vehicle i that contain information about object j when the distance
between them is between d-AD/2 and d+AD/2. Finaly, the computed DOR; ;(d) from
every vehicle i and object j is averaged for every distance d and repeated for other
distances. This is also one of the main metrics used for analyzing the performance of
cooperative perception techniques, and it is mainly used to analyze the redundancy and

efficiency of the proposed techniques.



5 Dimensioning Cooperative
Per ception

In this chapter, a detailed dimensioning study has been carried out to investigate the the
operation and performance of cooperative perception and the impact of different factors.
To this am, Section 5.1 performs a benchmark evaluation on the message generation
rules defined by ETSI (referred to as baseline generation rules) and compares it with
periodic message generation policies to analyze its effectiveness and identify any
potential inefficiencies. Section 5.2 then analyzes the impact of the traffic density, the
sensors  characteristics and the market penetration rate on the effectiveness of
cooperative perception considering the ETSI message generation rules. Section 5.3
studies the impact of congestion control on cooperative perception using the DCC
framework defined by ETSI. In particular, the combination of DCC functions at Access
and Facilities layers are analyzed in detail. Finally, Section 5.4 concludes this chapter by
providing a summary of the analysis performed, as well as a list of the details and
additional resultsthat can be found in the corresponding publications, included in Annex
A.1 and Annex A.2. Also, the analysis performed in Section 5.1 and Section 5.3 have
been presented to ETSI Collective Perception Service standard meetings. The analysis
performed on the different message generation rules (Section 5.1) has been incorporated
as part of the ETSI CPS technical report [5] which provides a more in-depth analysis

including the analysis of different sensor configurations and additional metrics.

5.1 Analysis of message generation rules

This section conducts a benchmark evaluation of message generation rules that define
when vehicles should generate collective perception messages and what should be their
content. The generation rules are important because they can have a significant impact
on the effectiveness of cooperative perception and on the vehicular network. In fact, if
vehicles exchange information about detected objects very frequently, they could
improve their perception capabilities and be able to detect their surrounding objects with
higher accuracy. However, a too frequent exchange of CPM messages can also saturate

the communications channel to the point that these messages cannot be transmitted or are
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significantly delayed, ultimately reducing the effectiveness of cooperative perception.
This section analyses the baseline generation rules defined in Section 3.4.2and inETSI’s
technical report in [5] along with two different periodic message generation policies that
generate CPM s at aconstant rate of 10 Hz (T_GenCpm=0.1s) or 2 Hz (T_GenCpm=0.5s).
Thisanalysisis carried out on the highway scenario described in Section 4.2.1 under low
and medium traffic densities. By default, al vehicles are equipped with an ITS-G5
transceiver with 100% market penetration rate of cooperative perception and the
evaluation is performed considering only the forward sensors configuration (see Section
4.2.4). The DCC isnot activated in this scenario to concentrate only on the impact of the

message generation rules.

5.1.1 Operation

We first analyze the operation of the baseline generation rules since the periodic policies
generate CPM at the constant rate. Figure 14 represents the Probability Density Function
(PDF) of the number of CPMs generated per second per vehicle for the baseline
generation rules under the two traffic densities. The number of CPMs generated per
vehicle with the baseline generation rules depends on the number of detected vehicles
(i.e, traffic density) and on their dynamics (e.g., an object isincluded in a CPM every
4m). As aresult, vehicles generate more CPMs per second at low densities (Figure 14 @)
than at medium densities (Figure 14b) because the speed of vehicles is higher for low
traffic densities. However, not all vehicles generate CPMs at the same rate in a given
traffic density scenario sincethe speed limit varies per lane (Table 2). Itisalso interesting
to analyze with more detail the medium traffic density scenario (Figure 14b). In medium
density, vehicles move between 70 km/h and 59 km/h and change their absolute position
by more than 4 m every 300 ms. Vehicles that detect this change then generate CPM at
3.3 Hz on average. However, Figure 14b shows that there are vehicles that transmit 6-10
CPMs per second. This is due to the fact that vehicles detect objects (i.e., vehicles) at
different time intervals (objects constantly enter and leave the sensor detection range of
atransmitting vehicle at different times) and the detected objects need to be included in
different CPMs. This increases the frequency of the generation of CPMs as high as 10
Hz in the medium traffic density scenario (Figure 14b) [58].

46



0.E oL
0.5 oL
0.4 od
L L
D 0.3 DOzt 1
0z 1 0.2 1
ol ﬂ H 1 R H H H 1
0 ’—H—‘H 0 ﬁﬁf—\ﬂ
1 2 3 4 5 6 7 & 89 10 1 2 3 4 5 B 7 & 49 16
CFks grneeraind por seroad (1 CFWs e pled por seeond e
(a) Low traffic density (b) Medium traffic density

Figure 14. PDF (Probability Density Function) of the number of CPMs generated per second and per
vehicle with the baseline generation rules.

Figure 15 represents the PDF of the number of objects included in each CPM for the
periodic and baseline generation rules under the two traffic densities. The figure shows
that the periodic policies augment the size of CPMs because it aways includes al the
detected objects in the CPM. The baseline generation rules control the CPM size by
including the detected objects based on their dynamics. As the traffic density increases,
the number of objectsincluded in each CPM increases with the periodic policies because
more objects (i.e., vehicles) are detected. However, Figure 15 shows that the traffic
density does not significantly affect the number of objects included in each CPM with
the baseline generation rules. This is the case because the speed of vehicles decreases
with the traffic density and as a result objects need to be reported in a CPM less
frequently. This clearly shows that the baseline generation rules adapt the number of
objectsincluded in each CPM to the traffic density and speed. However, the figure shows
that the baseline generation rules generate CPMs that report information about a small
number of detected objects. Under certain situations, this could unnecessarily increase
the number of channel access attempts and redundant headers which could result in aloss
of efficiency. Such efficiency should be addressed to improve the scalability of

cooperative perception and vehicular networks [58].
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Figure 15. PDF (Probability Density Function) of the number of objects included in each CPM with the
baseline and periodic policies.

5.1.2 Communications performance

This section evaluates the impact of the generation rules on the communications
performance. To this am, Table 6 shows the average CBR experienced when
implementing each CPM generation policy under the two traffic densities. Table 6 shows
that the periodic policy operating at 2 Hz is the one generating the lowest channel |oad.
On the other hand, the periodic policy at 10 Hz generates the highest channel load. The
baseline generation rules generate intermediate channel load levels (Table 6) in line with
the results depicted in Figure 14 and Figure 15. These results showed that the baseline
generation rules generate between 4 and 10 CPM s per second, approximately, and reduce
the number of objects per CPM compared to the periodic policies. Table 6 shows that the
channel load increases with the traffic density. However, lower increases are observed
with the baseline generation rules. In particular, an increase in the traffic density
augments the CBR experienced by the baseline generation rules by a factor of 1.6,
whereas it increases by factors of 2.1 (2 Hz) and 1.9 (10 Hz) for the periodic policies
[58].

Table 6. Average CBR

Policy Trafficdensity  CBR

- Low 5.6 %
Periodic at 2Hz Medium 11.9 %
iy Low 25.6 %
Periodic at 10Hz Medium 49.6 %
. Low 192%
Baseline Medium 3L7%




5.1.3 Perception capabilities

This section analyzes the perception capabilities of vehicles achieved with different CPM
generation policies. It isassumed that avehicle successfully detectsan object if it receives
at least one CPM with information about that object during the period of one second. To
thisaim, Figure 16 depicts the object perception ratio that showsthat all policies achieve
a high perception (higher than 0.989) up to 350 m. Beyond 350 m, the perception
degrades significantly under higher densities for the baseline generation rules and the
periodic policy at 10 Hz as aresult of the higher CBR (Table 6). On the other hand, the
perception degrades under both densities for the periodic policy at 2 Hz because this
policy transmits less CPMs and the propagation loses affect more negatively the

perception.
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Figure 16. Object perception ratio as a function of the distance between the detected object and the vehicle

receiving the CPM.

Figure 17 illustrates the detected object redundancy experienced with different CPM
generation policies. Figure shows that the periodic policy a 10 Hz provides around 51
updates per second of the same object at short distances. The baseline generation rules
can reduce this value to around 30 updates per second without degrading the perception
(Figure 16). In addition, the baseline generation rules can improve the communications
performance by reducing the channel load (Table 6). Despite the gains observed with the
baseline generation rules, it is yet to be decided whether the high redundancy levels

observed in Figure 17 are necessary for a safe connected and automated driving or not.
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o

5.2 Evaluation of cooper ative perception

This section aims to analyze the impact of the sensors characteristics and the market
penetration rate on the operation and performance of cooperative perception. Tothisaim,
the highway scenario (see Section 4.2.1) with low, medium and high traffic densities are
considered and all the sensor configurations such as the forward, 360° and Tesla sensors
configurations (see Section 4.2.4) are studied. By default, all vehicles are equipped with
an ITS-G5 transceiver except in the analysis performed on the impact of the Market
Penetration Rate (MPR). All vehicles by default generate CPMs following the baseline

generation rules.

5.2.1 Sensors characteristics

The perception capabilities of different sensor configurations with and without using
cooperative perception are initially evaluated. To this aim, Figure 18 compares the
average object perception ratio with and without using cooperative perception for the
three different sensor configurations under all traffic densities. Figure 18 shows that the
perception achieved without cooperative perception is limited due to the occlusion of
objects and the degradation increases with the distance and the traffic density. Thisisthe
case because both factors augment the probability of vehicles blocking the sensors' line
of sight. Figure 18 a so shows that the perception capabilities augment with the sensors
FoV and range. In this case, using the forward sensors a one reduces the object perception

ratio since these sensors cannot detect vehiclesin al directions[2].
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Figure 18. Object perception ratio under different traffic densities. When using cooperative perception, the
x-axis represents the distance between the detected object and the vehicle receiving the CPM. When
cooperative perception is not used, the x-axis represents the distance between the detected object and the
vehicle detecting it with its sensors.

By enabling cooperative perception, the perception capabilities of CAVs significantly
increase as shown in Figure 18. In particular, it increases the distance at which objects
can be detected for al sensor configurations and mitigates sensors limitations. In this
case, the Tesla and 360° sensor configurations achieve similar perception rates, and the
perception with the forward sensor configuration slightly degrades at medium to large
distances for low traffic densities (Figure 18a). This is the case because cooperative
perception compensates the perception limitations of sensors. For example, avehiclethat
uses only forward sensors can detect objects from behind when using cooperative
perception, thanks to the CPMs received from other vehicles that detect these objects.
We should note that the slight perception degradation observed in Figure 18 with the
forward sensor configuration is reduced for higher traffic densities. This is the case
because at higher densities more vehicles detect each object and cooperative perception

can better compensate the limitations of the forward sensors [2].

Figure 18 aso reveals that the object perception ratio significantly decreases when the

traffic density increases. This degradation is due to the increase in the channel load at
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higher traffic densitiesas shown in Table 7. Table 7 showsthat the 360° and Tesla sensor
configurations can increase the CBR by around 40% compared with the forward sensor
configuration. Thanks to the lower channel load generated, the forward sensor
configuration is able to provide a higher cooperative perception ratio than the 360° and
Tesla sensor configurations for the high traffic density scenario (Figure 18c).

TABLE 7. Average CBR (Channel Busy Ratio)
Sensor configuration

Traffic density

Forward 360° Teda
Low 19.2% 27.6% 27.6%
Medium 31.8% 44.4% 44.4%
High 52.4% 71.3% 71.6%

5.2.2 Market Penetration Rate

The effectiveness of cooperative perception also depends on the number of vehicles that
detect objects and share their information. Figure 19 shows the impact of the MPR on
cooperative perception. The figure shows that the object perception ratio increases asthe
MPR increases, with the low and medium traffic densities. However, when the traffic
density is high, the perception ratio decreases for MPRs above 40% (Figure 19c). This
degradation isagain dueto the significant increase of channel load at high traffic densities
and the consequent increase in packet |osses due to collisions. Figure 19 aso shows that
the sensor configuration does have an important effect on the perception when the MPR
islow. In particular, the 360° and Tesla sensor configurations achieve significantly higher
perception ratios than the forward sensor configuration, especially for low MPR. Thisis
the case because cooperative perception cannot compensate well with the perception
limitations of the forward sensor configuration when there are few vehicles and not all
vehicles can detect objects and share their information. However, al the sensor
configurations achieve perception levels higher than 90% from 40% of MPR and the
achieved perception levels are similar from MPR above 80% [2].
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Figure 19. Object perception ratio under different traffic densities for different market penetration rates
and for distances up to 350m.

5.2.3 Sensor fusion and non-fusion

By default, vehicles implement sensor fusion and an object detected by multiple sensors
are reported once in the CPM (i.e., one perceived object container per detected object).
If sensor fusion is not used, an object detected by multiple sensors is reported multiple
times in each CPM. This increases the message size as shown in Figure 20. This figure
compares the CPM size with and without sensor fusion for the medium traffic density
scenario under the forward and Tesla sensor configurations. The results are presented as
abox plot with the bottom and top edges of the box indicating the 25" and 751 percentiles
and the mark in the middle representing the median. The vertical lines in the box plot
represent the most extreme data points. The results obtained show that the CPM size
significantly increases when sensor fusion is not used, especialy for the Tesla sensor
configuration since it has more on-board sensors. The main concern related to the
increasing message size is that it significantly augments the channel load and the
interference. This could degrade the effectiveness of cooperative perception as shown in
Figure 21. Thefigure clearly shows how the object perception ratio degrades when sensor
fusion is not applied and the degradation is particularly relevant when the traffic density

increases [2].
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5.3 Impact of congestion control on cooper ative per ception

Cooperative perception relies on the correct reception of the exchanged V2X messages.
However, the previous analysis performed in this chapter shows that the cooperative
perception can increase the channel load quite significantly under certain scenarios and
configurations which could impact the performance of V2X communications and the
system’s scalability. To prevent this, an increase of the channel load above a certain
threshold activates the DCC mechanisms for congestion control. DCC effectively
controls the channél load, however, it can ater the performance and operation of
cooperative perception. This can occur, for example, if the DCC queues CPM messages.
Queuing would increase the information age and alter the regular reception of object
updates. The DCC could also drop CPMs when the CPM generation rate is higher than

the maximum transmission rate allowed by DCC Access, because the queues would be



overloaded. This could aso significantly impact the effectiveness of cooperative
perception. In addition, it is also important to highlight that the CPM might have to
coexist with other messages in the same channel. This increases the risk that DCC
impacts the operation and effectiveness of cooperative perception. In this context, this
section analyses the impact of DCC on cooperative perception. In particular, the
combination of DCC at the Access layer and DCC at the Facilities layer are considered
for the analysis because these two DCC components mostly affect the transmission of
CPM messages.

To this aim, the evaluation considers the highway scenario (see Section 4.2.1) with high
traffic density and vehicles are equipped with the 360° sensor configuration (see Section
4.2.4). By default, 100% MPR is considered and vehicles transmit CAMs and CPMsin
the same channel. The CPMs are generated following the baseline generation rules
defined in Section 3.4.2 and the CAMs are generated following [8]. The DCC profile for
CPM is set to DP2 or DP3 depending on the simulation (its value has not been decided
yetin ETSI), and the DCC profile of the CAM is set to DP2 following [63].

5.3.1 DCC Access

The channel load increases with the transmission of both CAMs and CPMs when DCC
is not activated. For example, the CBR is equal to 75% in the high density scenario when
DCCisnot activated. The use of DCC Access can significantly reduce the CBR as shown
in Table 8. In particular, the Reactive approach reduces more aggressively the channel
load and maintains the CBR at around 37%. The Adaptive approach is designed to
converge to the target CBR of 68% and this results in higher CBR levels. Table 8 also
shows that nearly the same CBR is achieved independently of the DCC profiles of the

messages because of the similar packet transmission rates [2].

Table 8. Average CBR

. DCC Access
DCC profile Reactive Adaptive
Different ) .
(CAM=DP2 and CPM=DP3) 36.9% 62.1%
Same
(CAM=CPM=DP2) 37.8% 61.9%

DCC Access can reduce the CBR and improve the PDR at the radio level, i.e, theratio

between the received and transmitted packets. This is particularly the case with the
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Adaptive approach as shown in Figure 22. The figure aso shows that the Reactive
approach actually degrades the PDR at the radio level despite reducing the CBR. Thisis
the case because with the Reactive approach vehicles tend to synchronize with each other
and change their state (and thus their Tor) nearly at the same time [34]. As a result,
vehicles generate a significant amount of packet collisions. Packet collisions reduce the
channel load (and CBR) because when packets collide they overlap in time. Similar
results are obtained when analyzing the PDR at the radio level when CAMs and CPMs
have different DCC profiles[2].
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Figure 22. PDR (Packet Delivery Ratio) at the radio level as afunction of the distance between transmitter
and receiver without and with DCC Access when CAMs and CPMss have the same DCC profile.

The communications trends observed impact on the performance of cooperative
perception. Figure 23a showsthat the perception significantly degrades with the Reactive
approach following the trend observed in Figure 22. This once again clearly proves that
the Reactive approach degrades the performance of cooperative perception despite
reducing the channel load. On the other hand, Figure 23b shows that the Adaptive
approach improves the object perception ratio for distances beyond 200 m when CAMs
and CPM s have the same DCC profile. Thiseffect is produced due to the different nature
of packet errorswith and without DCC. When DCC is not applied, more packet collisions
are produced due to the higher channel load. Therefore, when two (or more) packets
collide, more than one packet can belost dueto such collision. Thiseffect isnot produced
with the packets dropped by DCC, since one packet drop does not affect the reception of
other packets. With different DCC profiles, the Adaptive approach achieves a perception
similar to the configuration where DCC is not activated. In both cases, the Adaptive
approach reduces the CBR by 17% when compared to the scenario where DCC is not
activated.
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Figure 23. Object perception ratio as afunction of the distance between the detected object and the vehicle
receiving the CPM without DCC and with DCC Access.

The previous results show that DCC Access has an impact on the perception. However,
they do not quantify the freshness of the received information. To this am, Figure 24
represents the information age obtained without DCC and with DCC Access (Reactive
and Adaptive) when CAMs and CPMs are configured with the same and different DCC
profiles. The bars represent the mean values and the vertical lines correspond to the 5t
and 95" percentiles. The results show that the DCC Access significantly increases the
information age when compared to the scenario without DCC. When DCC is not used,
al the generated CPM s areimmediately transmitted. However, with DCC, the generated
CPMs must often wait in the queue before transmission. This waiting time causes the
received information to be outdated by up to 0.4s (Adaptive approach) or 0.5s (Reactive
approach) when CAM and CPM have different DCC profiles. This is a non-negligible
time that can degrade the effectiveness of cooperative perception when implementing
DCC. This is despite the possibility to achieve a higher object perception ratio (Figure
23) since detecting more objectsis not useful if theinformation about the detected objects
is outdated or not sufficiently fresh [2].
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5.3.2 DCC Facilities

DCC Facilities can help mitigate the increase of the information age caused by DCC
Access by adapting the message generation to the rate tolerated by DCC Access. To this
aim, DCC Access reports to DCC Facilities the amount of resources available, and DCC
Facilities distributes them among the different services taking into account their DCC
profile. To effectively share the resources between CAMs and CPMs, this analysis is
performed considering only the same DCC profile, DP2, for both CAMs and CPMs.

Figure 25 compares the information age obtained without DCC, with DCC Access only
and with the combination of DCC Access and DCC Facilities. As it can be observed,
DCC Access significantly increases the information age as previously shown. However,
the combination of DCC Facilitiesand DCC Access significantly reducestheinformation
age when the Adaptive approach is considered. This improvement is achieved because
DCC Facilities controls the message generation following the limits provided by DCC
Access so that messages are not generated if they are going to be queued. Theinformation
age is not improved with the combination of DCC Facilities and DCC Access with the
Reactive approach because the channel load variations do not allow DCC Facilities to
accurately track the packet transmission rate (Table 1) and hence increase the queuing

time.
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The control of DCC Facilities on the CPM generation rate can be observed from Figure
26 that showsthe PDF of the number of CPM s generated at the Facilities|ayer per second
per vehicle. Figure shows that the configurations with DCC Access only and without
DCC generate the same number of CPMs. Thisis the case because DCC A ccess controls
the transmission rate of the CPM s, but it does not modify the CPM generation. Thefigure
also shows that DCC Facilities reduces the number of CPMs generated per second to
satisfy the DCC Access limit. As a consequence, it increases the number of objects
included in each CPM as shown in Figure 27. This is the case because the time interva
between CPM generations is longer, and thus more objects satisfy the conditions to be
included in a CPM since the last time a CPM was generated. Despite the variation
observed in the number of CPMs generated per second and the number of objects
contained in each CPM, the combination of DCC Facilities and DCC Access with the
Adaptive approach maintains the CBR around 61.9%, which is similar to the one
achieved with only DCC Access (Table 8). This demonstrates that the DCC Facilities
maintains the CBR tolerated by DCC Access, but not more. However, the combination
of DCC Facilities and DCC Access with the Reactive approach has a different effect on
the CBR. It increasesthe CBR t0 46.7% compared to the scenario when only DCC Access
is used (37.8%). This increase is produced because DCC Fecilities mitigates the
synchronization problem in this case by alowing each vehicle to generate (and transmit)
messages with different time interval s based on their past generated messages. Mitigating
the synchronization problem increases the CBR because there are less packet collisions

and thus packets do not overlap in time [2].
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Reactive and Adaptive approaches since DCC Access does not modify the generation of CPMs.
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DCC profile. When DCC Access is used aone, the same results are obtained for Reactive and Adaptive
approaches.

The communications effects observed have an impact on the perception achieved when
DCC Facilitiesis enabled. Figure 28 compares the object perception ratio when not using
DCC, when using DCC Access only and when combining DCC Access and DCC
Facilities. Figure 28a shows that the combination of DCC Facilities and DCC Access
with the Reactive approach mitigates the synchronization problem and improves the
perception. In fact, the combination of DCC Facilitiesand DCC Accesswith the Reactive
approach slightly outperforms the combination of DCC Facilities and DCC Access with
the Adaptive approach for distances beyond 300 m. This improvement is produced due
to the lower CBR achieved with Reactive (46.7%) when compared to the CBR achieved
with Adaptive (61.9%) that reduces the packet collisions. All these results clearly show
that the combination of DCC Facilities and DCC Access can significantly improve
cooperative perception. This is the case because the combination augments the object
perception ratio, reduces the information age, and improves the PDR compared to the

scenario with DCC Access only.
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Figure 28. Object perception ratio as a function of the distance between the detected object and the vehicle
receiving the CPMs when CAMs and CPMs have the same DCC profile.

54 Summary and additional results

The chapter has extensively evaluated the performance of cooperative perception
considering the baseline message generation rules. Its performance has been compared
to the use of periodic generation policies, and the analysis showed that the baseline
generation rules achieve an interesting balance between perception and communications
performance when compared with periodic ones. However, the baseline generation rules
present certain inefficiencies that can overload the communications channel and limit
their scalability. The first inefficiency is related to the transmission of redundant
information since multiple CAV's can detect the same object simultaneously and include
its information on their CPMs. The second inefficiency is related to the generation of
high number of CPMs with a small payload. These potential inefficiencies do not
negatively impact on the perception. However, optimizing it further could improve the

overall effectiveness of cooperative perception and the system’s scalability.

This chapter also performed a detailed analysis on cooperative perception. To this aim,
the study demonstrates that cooperative perception can complement on-board sensors
and increase the vehicle's sensor perception beyond its sensors field of view. In
particular, the study shows that very high perception levels can be achieved with
penetration rates of only 40%, and the sensors' characteristics do not greatly impact on
the cooperative perception with ahigh market penetration rate. The results also show that
the perception achieved with cooperative perception strongly depends on the sensors
field of view and range when the market penetration rate is low. The study then shows

that the perception achieved with cooperative perception degrades with high density and
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when sensor fusion is not implemented because these factors increase the channel load

in the network and impact on the V2X communications performance.

This chapter also analyzed the impact of DCC on cooperative perception because it can
ater the generation and transmission of CPMs and impact the effectiveness of
cooperative perception. The study demonstrates that using congestion control only at the
Access layer augments the latency (or information age) of CPMs. This negatively
impacts connected automated driving that requires low latency for a safe driving. This
study then demonstrates for the first time that this challenge can be addressed by
combining the DCC functions at the Access and Facilities layers. This combination
increases the perception and reduces the latency through the dynamic adaptation of the

rate at which cooperative messages are generated and transmitted.

The evaluation presented in this chapter is a summary of the evaluation presented in the
published articles [58] and [2] (included in Annex A.1 and Annex A.2), which perform
additional evaluations on the dimensioning of cooperative perception. For example, the
paper [58] (included in Annex A.1) presents additional metricsfor the analysis conducted
0N cooperative perception message generation rules (Section 5.1). In particular, the paper
presents the PDR metric computed at the radio level that once again justifies the results
achieved by the baseline generation rules. The paper also reports the average time
between updates which shows that the baseline generation rules provide updates nearly
as frequently as the periodic policy at 10 Hz while better controlling the channel load.
The work presented in [2] (included in Annex A.2) reports PDR at the radio level and
application level for the evaluations performed in Section 5.2 and Section 5.3. These
PDR further justify the achieved CBR and object perception ratio results presented in this
thesis. In particular, the PDR computed at the application layer provides further insights
to the impact of DCC because the packets dropped by DCC at the Access layer
significantly degrade the PDR at the application level. Also, the paper analyzesthe metric
time between object updates, and demonstrates the variability in the time achieved
between consecutive message updates. This metric reveals that thereis higher variability
in the time between consecutive updates when DCC is not applied due to the higher
probability of consecutive packet losses due to collisions. However, with the Adaptive
approach, the variability islower when CAM and CPM have the same profile than when
they have different profiles. These results show that DCC Access has an impact on the
probability of receiving information about an object through CPMs.
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6 Redundancy Mitigation

The high object redundancy generated by the baseline generation rulesis one of the main
inefficiencies reported from the analysis performed in Section 5.1. To address this
problem, this chapter proposes a redundancy mitigation (ak.a. redundancy control)
technique to control the number of objects included in the CPM and reduce redundancy
without affecting the achieved perception. To motivate in detail the need for redundancy
mitigation, Section 6.1 first illustrates and quantifies the redundancy problem in
cooperative perception considering the baseline generation rules. Then, Section 6.2
explains the proposed technique that extends the baseline generation rules to filter out
the detected objects that have been recently transmitted by a nearby vehicle. In Section
6.3, a detailed anaysis is carried out to compare the performance achieved with the
proposed technique and the baseline generation rules. Finaly, Section 6.4 concludesthis
chapter by providing abrief summary of the analysis performed in this chapter aswell as
alist of the details and additional results that can be found in the publications included
in Annex A.3. The proposed technique can be considered as a natural extension of the
baseline generation rules sinceit is also based on the mobility or dynamics of the objects.
It has been presented and is part of the ETSI CPS Technical Report? [5].

6.1 Motivation

The problem of redundancy isillustrated considering the scenario in Figure 29 where an
ego vehicle has 6 neighboring vehicles. Let’s assume that all vehicles are equipped with
asensor that hasa Field of View of 360° and move at 70 km/h. When baseline generation
rules are applied in the network (defined in Section 3.4.2), all neighboring vehicles detect
the ego vehicle and include it in the cooperative perception message every 300 ms. Asa
result, every vehicle receives 5 updates about the ego vehicle under every observation
time window of 300 ms. Receiving redundant object updates in a sufficient number can
be good to improve the detection accuracy and compensate possible packet loses.
However, excessive and unnecessary redundancy increases the channel load and could

negatively impact the V2X communication. Also, excessive redundancy significantly

1 In ETSI’s Technica Report the proposal RM algorithm is presented as dynamics-based redundancy mitigation technique.
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increases the computing processing load at thereceiver that hasto processall thereceived
information within ashort period of time. This section evaluates and quantifiesthe effects
illustrated in the example by means of simulations. In particular, the level of redundancy
generated by the baseline generation rules is evaluated in detail to motivate the
redundancy mitigation proposa. The analysisis performed in a highway scenario under
medium and high traffic densities (see Section 4.2.1). By default, all vehicles are
equipped with an ITS-G5 transceiver with 100% MPR and execute the baseline
generation rules to generate CPMs. The evaluation is performed considering the 360°
sensor configuration (see Section 4.1.2) and DCC is not activated in the considered

scenarios.
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Figure 29. Example to illustrate the problem statement.

Figure 30 reports the detected object redundancy levels achieved by the baseline
generation rules under the observation time window of 300 ms. The figure shows that, on
average, vehiclesreceive around 15 updates for short distances and more than 12 updates
for distances up to 100 m. This indicates that the vehicles were receiving updates about
objects more frequently than really necessary. Thisisillustrated in Figure 31, which plots
the distance travel ed by an object between two successive CPM s that include information
about that object. Figure 31 shows that, on average, this distance is lower than 1 m for
distances between the object and the vehicle receiving the CPM below 200 m. This
distance is increased up to 300 m for medium densities. This is in contrast to the 4 m
threshold established by the CPM baseline generation rules to decide when an update
should be transmitted. Sending frequent updates might be unnecessary from the
perception point of view and can significantly increase the load on the communications
channel. Reducing this unnecessary channel load could improve the performance of the

cooperative perception. To this aim, a redundancy mitigation or control technique is



proposed to modify the baseline generation rules to control the generated unnecessary

object redundancy.
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Figure 30. Detected object redundancy as a function of the distance between the detected object and the

vehicle receiving the CPM
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Figure 31. Average distance traveled by a detected object between two successive CPMss reporting about
this object. Metric represented as a function of the distance between the object and the vehicle receiving
the CPMs.

6.2 Proposal

The proposed redundancy mitigation technigue extends the baseline generation rules to
reduce the object redundancy without decreasing the perception capabilities of CAVs; it
isreferred to as RM in the rest of the chapter. RM considers the mobility or dynamics of
the objects to remove an object from a CPM. More specifically, RM removes an object
that satisfies the baseline generation rulesin aCPM if the object’ s position or speed have
not significantly changed since the last time the transmitting vehiclereceived information
about this object in a CPM from any other vehicle. The objective isto avoid transmitting
information about objectsthat has recently been included in CPMs by other vehiclessince

this information has probably been received by most of the nearby vehicles.
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RM isexecuted after the baseline generation rules, and only when the baseline generation
rules indicate that a new CPM must be generated. When executed, RM computes for
every object that should be included in the CPM according to the baseline generation
rules, the change in its absolute position (4P_R) and speed (4S_R) since the last time the
object wasreceived in a CPM transmitted by other vehicles. If AP_R <P_Threshold and
AS R < S Threshold, the object is not finally included in the CPM. Threshold values
P_Threshold and S_Threshold must be configured equal or smaller than 4 mand 0.5 m/s,
respectively, since these are maximum values of the baseline generation rules. The
pseudo-code for this redundancy mitigation or control technique is shown in lines 14-21
of Algorithm I, and the process of the baseline generation rules is shown in lines 1-13
for compl eteness since the redundancy mitigation technique is executed after the baseline

generation rules.

ALGORITHM |l. REDUNDANCY MITIGATION PROPOSAL
Input: Detected objects

Output: Objects (if any) to include in CPM
Execution: Every T_GenCpm

1. Setflag=fdse

2. For every detected object do

3. If the object is anew detected object then
4, Include object in current CPM

5. Set flag = true

6. Else

7. Calculate AP, ASand AT since the last time the object was included in a CPM
8. If AP>4m|| AS>0.5m/s|| AT>1 sthen
9. Include object in current CPM

10. Set flag = true

11. End If

12. EndIf

13. End For

14. If flag = truethen

15. For every detected object included in current CPM do

16. Calculate 4P_R and 4S R since last time the object was received in a CPM
17. If AP_R< P_Threshold and AS R< S Threshold then

18. Omit object from current CPM
19. End if

20. End For

21. End If

6.3 Performanceanalysis

The performance analysis presented in this section compares the baseline generation
rules and the proposed RM technique. The proposed RM technique is evaluated
considering P_Threshold =1 m, S Threshold=0.5 m/s. The other simulation set-up and
the configurations follows the same parameters adopted in Section 6.1.

66



6.3.1 Operation

The influence of RM on the CPM generation and the object inclusion are analyzed first.
Table 9 shows the average number of CPMs generated per second per vehicle and the
number of objectsincluded in each CPM with the baseline generation rulesand with RM.
The table also reports the difference between the two agorithms. When compared with
the baseline generation rules, RM reduces the CPM rate and the number of objects in
each CPM for al traffic densities. This is because RM includes an object in the CPM
only when its position or speed has significantly changed since the last time the
transmitting vehicle received information about this object in a CPM. In particular, the
number of objects in each CPM is significantly reduced (around 70% with high density
and around 62% with medium density). The reduction is higher with high traffic density
because with high density, a higher number of vehicles will report the same object and
RM reduces more unnecessary redundant object information in the network. Following
this trend, RM also reduces the number of CPMs transmitted per second. In particular,
Table 9 shows that RM reduces the CPM rate significantly by around 26% and 30% for
the medium and high density. These results clearly show that the RM proposal generates

less CPM s per second with a smaller size than the current baseline generation rules.

Table 9. Average CPM rate and number of objects per CPM

CPM rate Number of objects
Techniqgues  Medium High Medium High
Basdline 9.6Hz 9.6Hz 5.1 6.4
RM 7.1Hz 6.7Hz 19 1.9

Difference -26.1%  -302%  -62.7% -70.3

6.3.2 Communication performance

Reducing the CPM rate and CPM size reduces the channel load. This is illustrated in
Table 10, which showsthe average CBR for the proposal RM and the baseline generation
rules under medium and high traffic densities. The table shows that a significant CBR
reduction is observed with RM. In particular, RM reduces the CBR by around 40% for
both traffic densities when compared to the baseline generation rules. Reducing the CBR
and channel load reduces the packet collisions and improves the PDR. Figure 32 plots
the PDR obtained with RM and baseline generation rules under both traffic densities. The
results obtained show that the proposed RM achieves significantly higher PDR than the

baseline generation rules. This PDR improvement is produced thanks to the reduction of
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the CBR shown in Table 10 with the proposed RM. The lowest PDR is achieved with the
baseline generation rules. The PDR significantly degrades in the high density scenario
because of its higher CBR and CPM generation rate.

Table 10. Average CBR

Traffic Density

Techniques Medium High
Baseline 49.4% 82.1%
RM 29.1% 49.0%
Difference -41.1% -40.3%
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Figure 32. PDR (Packet Delivery Ratio) as a function of the distance between transmitter and receiver

under different densities.

6.3.3 Redundancy and per ception capabilities

Figure 33 shows the effectiveness of the RM proposal in terms of redundancy. In
particular, the figure shows that RM significantly reduces the object redundancy to
around 5 updates per observation window for distances up to around 200 m under both
densities. This reduction is achieved without sacrificing the perception performance for
short and medium distances that are critical for the safety of CAVs. Thisisillustrated in
Figure 34 that compares the object perception ratio achieved with the current baseline
generation rules and the RM proposa. The figure shows that RM achieves a high
perception, similar to the baseline generation rules, for critical short and medium
distances (up to around 200 m) under both densities. At larger distances, the perception
decreases due to propagation and interference effects and the perception reported with
RM achieves the same (or nearly the same) as baseline generation rules for the medium
density. However, for the high density the perception is significantly increased with RM
at larger distances. This is because the RM effectively controls the redundancy and
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reducesthe CBR and improvesthe PDR. On the other hand, the baseline generation rules
report ahigh CBR, which reduces the PDR (see Figure 32) and degrades the perception.
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Figure 33. Detected object redundancy as a function of the distance between the detected object and the
vehicle receiving the CPM.
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Figure 34. Object perception ratio as afunction of the distance between the detected object and the vehicle

receiving the CPM.

The perception achieved with the RM proposd is aso analyzed in terms of how often a
vehicle receives updates about a detected object. The updates can be received from any
neighboring vehicle that has detected the same object. Figure 35 shows the average
distance traveled by a detected object between two successive CPMs; the shortest the
traveled distance, the more frequent a vehicle receives updated information about a
detected object. The figure shows that both RM and the baseline generation rules report
average location updates below 2 m for 200 m under all densities. This figure clearly
shows that the RM proposal still provides frequent object updates, lower than the
threshold (i.e., 4m) defined by the baseline generation rules, while achieving low CBR
levels and high perception for critical short and medium distances.
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Figure 35. Average distance traveled by a detected object between two successive CPMss reporting about
this object. Metric represented as a function of the distance between the object and the vehicle receiving
the CPMs.

6.4 Summary and additional results

This chapter addresses one of the main inefficiencies in the baseline generation rules
defined by ETS| that generate significant detected object redundancy that can
compromise the network scalability. To this aim, a redundancy mitigation technique is
proposed in this chapter that extends the baseline generation rules to control the
redundancy in the network. The evaluation results show that the redundancy mitigation
technique significantly reduces the redundancy and channel load and improves the
reliability of V2X communications. Also, the redundancy mitigation technique maintains
the same perception performance (with significantly less messages) than the current
baseline generation rules for safety-critical short and medium distances. It is also able to
improve the perception at larger distances when the traffic density is high. The RM
proposal achieves these results while still providing object updates below the threshold
(i.e., 4 m) defined by the baseline generation rules.

The published article [64] (included in Annex A.3) extends the results of the proposed
redundancy mitigation technique presented in this chapter by analyzing additional traffic
densities and vehicle sensor configurations. The results obtained in [64] show that the
redundancy mitigation technique can adapt to different configurations and improve the
network scalability and the reliability of the V2X communications. Also, the paper
analyzes different P_Threshold configuration values to evaluate the effectiveness of the
proposed RM, and shows that the higher thresholds significantly reduce the redundancy
to achievelow CBR levels. It isto be noted that the analysis presented in [64] derivesthe
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same conclusions as presented in this chapter. This once again justifies that the proposed
redundancy mitigation technique works efficiently to reduce the redundancy under
different scenarios and configurations without any impact on the perception. Also, [64]
publishes additional metrics such as the PDF of the number of objects included in each
CPM and the PDF of the number of CPMs generated per second, which provide
additional insights on the operation of the proposed redundancy mitigation technique and

the baseline generation rules.
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7 Look-Ahead

The analysis performed in Section 5.2 revealed that the baseline generation rules defined
by ETSI generate frequent cooperative perception messages that contain small number
of objects, whichishighly inefficient dueto the resulting communications overhead. This
chapter proposes a Look-Ahead (LA) technique to modify the baseline generation rules
and reorganize the transmission of objects in less cooperative perception messages in
order to reduce the overhead. This reorganization results in vehicles transmitting less
messages, and each message includes information about a higher number of detected
objects. To motivate the LA proposal, Section 7.1 first illustrates and quantifies in more
detail the problem, explaining the inefficiency of the baseline generation rules related to
the frequent generation of cooperative perception messages with small number of
detected objects. Then Section 7.2 proposes and explains the LA technique that extends
the current baseline generation rules to reorganize the transmission of objects in CPMs.
In Section 7.3, adetailed analysisis carried out on the performance achieved with the LA
and the baseline generation rules. Finally, Section 7.4 concludesthis chapter by providing
abrief summary of the analysis performed, as well as alist of the details and additional
results that can be found in the publications included in Annex A.4. This Look-Ahead
proposal has been presented at ETSI and is now part of the ETSI CPS technical report

[5] as an extension of the baseline generation rules to generate CPMs.

7.1 Motivation

The problem isillustrated considering the scenario in Figure 36 where an ego vehicle has
6 neighboring vehicles. In this scenario we consider that the ego vehicleis equipped with
a sensor that has a Field of View of 360° and that all vehicles move at 70 km/h. When
the baseline generation rules are applied, the ego vehicle includes each detected vehicle
ina CPM every 300 ms. Let’s suppose a scenario where the ego vehicle detects for the
first time al neighboring vehicles in atime interval 0 < 7 < 0.1 s. In this scenario
(Scenario 1), the ego vehicle generates one CPM every 300 ms, and each message
includes the information of the 6 detected vehicles (Scenario 1 in Figure 36). It isthough

very unlikely that an ego vehicle can detect al its neighboring vehicles in the same time
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interval. In a more redlistic scenario, vehicles constantly enter and exit the sensor
detection range of an ego vehicle at different times. The ego vehicle will then include the
detected objects (i.e., vehicles) in different messages. Let’s consider in Scenario 2 that
the ego vehicle detects two different neighboring vehicles in every time interval, thus
detecting vehicles A and B intheinterval 0< 7 <0.1 s, vehiclesCand D in0.1< 7 <
0.2 s, and vehiclesE and Fin 0.2 < r < 0.3 s. In this scenario, the ego vehicle ends up
transmitting one CPM every 100 ms instead of every 300 ms like in Scenario 1. In
Scenario 2, each message now includes information about 2 detected objects every 100
ms instead of 6 every 300 ms (Scenario 2 in Figure 36). Transmitting more CPMs per
second consumes more bandwidth since each message includesthe ITS PDU Header, the
Management and Station Data containers. They occupy around 121 Bytes (see Table 3)
and are shown in grey color in Figure 36. In addition, each CPM generates protocol
headers from the Transport, Network, MAC (Medium Access Control) and PHY
(Physical) layers. They occupy around 80 Bytes[2] and are shown in blue color in Figure
36. Figure 36 clearly shows that the transmission of more CPMs with information about
less objects (Scenario 2) increases the signaling overhead compared to transmitting less

CPMs that contain alarger number of objects (Scenario 1) [65].
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Figure 36. Example to illustrate the problem statement.

This section evaluates and quantify the effects illustrated in the example by means of
simulations. The analysis is performed in a highway scenario under medium and high
traffic densities (see Section 4.2.1). By default, all vehicles are equipped with an ITS-G5
transceiver with 100% MPR and execute baseline generation rules to generate the CPMs.
Also, the evaluation is performed considering the 360° sensor configuration (see Section
4.1.2) and DCC is not activated in any of the considered scenarios.
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The evaluation reports that, on average, the baseline generation rules generate CPMs at
the rate of 9.6 Hz under both medium and high traffic density. These results reveal that
messages are generated nearly every 100 ms independently of the traffic density. Figure
37 shows the PDF of the number of objects detected by each vehicle and the number of
objects included in each CPM when considering the baseline generation rules. The
obtained results show that the number of detected objects is non-negligible in both
densities, and increases with the density. The obtained results al so show that around 55%-
58% of the CPMs contained 4 or less objects, and around 11% of the CPMs generated
only contained 1 object for both densities. The obtained results demonstrate that the
number of objects included in each CPM is significantly lower than the number of
detected objects in the considered scenario. These results clearly confirm the problem
previously described and illustrated in Figure 36 for redlistic scenarios. the baseline
generation rules generate frequent CPM s that contain asmall number of detected objects.
The transmission of frequent and small CPMs adds significant overhead. This overhead
increases the channel load and can reduce the reliability of V2X communications, thus
degrading the perception of the CAVs|[65].
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Figure 37. PDF of the number of objects detected by each vehicle and included in each CPM with the
baseline CPM generation rules.

7.2 Proposal

The Look-Ahead technique extends the current baseline generation rules to generate less
frequent CPM s that contain a higher number of objects. Its goal is to reduce the amount
of CPMs generated with information about a few detected objects in order to reduce the
communications overhead generated by the protocol headers and the CPM header

(around 200 Bytes in total). This is done without reducing the amount of information
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transmitted about the detected objects. To do so, the LA groups the information about the
detected objects into a smaller number of CPMs of larger size. To this am, LA is
triggered every time a CPM must be generated by the baseline generation rules (e.g.,
because at |east one object isincluded in the CPM or the last CPM was transmitted one
second ago). Then, LA adds to this current CPM the objects that it predicts will be
included in the next CPM. This prediction is made considering that the detected objects
maintain their current acceleration. To this aim, the algorithm estimates the following

parameters for the objects that do not currently satisfy the baseline generation rules:

Next AP =AP + S - T _GenCpm + 0.5 - A - T_GenCpm?

(19)
NextAS =4S + A - T GenCpm
(20)
Next AT =AT + T _GenCpm
(21)

where Sand A are the current speed and acceleration of the detected object. LA includes
in the current CPM those detected objects that satisfy Next AP>4 mor Next AS>0.5 nmv/s
or Next AT>1s. When a detected object satisfies these conditions, its current information
isincluded in the CPM (i.e., its current position, speed, etc.) and not the predicted one.
Using LA, a CPM includes all the objects that currently satisfy the baseline generation
rules and all the objects that are expected to satisfy the baseline rules in the next
T _GenCpm. As aresult, LA avoids that these objects generate a new CPM in the next
T_GenCpm, and then reduces the number of generated CPMs of small size. It is aso
important to note that LA is robust against prediction errors resulting from the irregular
movement of the detected objects since the worst-case prediction scenario will result in
LA operating like the baseline generation rules. The pseudo-code for LA is shown in
Algorithm 111, where lines 1-13 correspond to the baseline generation rules (again for
completeness) and lines 14-21 correspond to LA.

ALGORITHM Il1. LOOK-AHEAD PROPOSAL
Input: Detected objects
Output: Objects (if any) to include in CPM
Execution: Every T_GenCpm
Set flag = false
For every detected object do
If the object is anew detected object then
Include object in current CPM
Set flag = true
Else
Calculate AP, ASand AT since the last time the object was included in a CPM
If AP>4m || AS>0.5m/s|| AT>1 sthen

NGO~ WDNE
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9 Include object in current CPM

10. Set flag = true
11. End If

12. EndlIf

13. End For

14. If flag = true or last CPM was generated one second ago then
15. For every detected object not included in current CPM do

16. Calculate Next AP, Next ASand Next AT

17. If Next AP>4 m || Next AS>0.5 m/s|| Next AT>1 sthen
18. Include object in current CPM

19. End if

20. End For

21. End If

7.3 Performanceanalysis

The performance analysis conducted in this section compares the baseline generation
rules and the proposed LA technique. The simulation set-up and the configurations adopt

the same parameters used in Section 7.1.

7.3.1 Operation

This section first analyzes how the LA proposal influences the generation of CPMs. In
particular, the impact on the CPM generation rate and the number of objects contained
in each CPM are analyzed. Table 11 compares the average number of CPMs generated
per second per vehicle and the number of objects (i.e., vehicles) per CPM with LA and
with the baseline generation rules. The table also reports the difference between the two
algorithms. Table 11 shows that LA reduces (between 35% and 44%) the number of
CPMs generated per second compared to the baseline generation rules. Thisreduction is
achieved by anticipating the transmission of information about detected objects and
increasing the number of objects included in each CPM. Table 11 shows that LA
augments (between 92% and 104%) the average number of objectsincluded in each CPM
when compared to the baseline generation rules [65].

Table 11. Average CPM rate and number of objects per CPM

CPM rate Number of objects
Technigues  Medium High Medium High
Baseline 9.6 9.6 5.1 6.4
LA 54 6.2 104 12.3

Difference -43.7%  -354% 104% 92.2%
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7.3.2 Communication performance

The CPM transmission rate and size can significantly influence the channel load and can
impact on the V2X communications performance. Table 12 shows that LA reduces the
CBR for the medium density by around 16.2%. This reduction results from transmitting
less CPM's and consequently reducing the communications overhead. With high density,
both the CPM rate and the number of objects per CPM increases with LA when compared
with medium density. This is because when new objects are detected, a CPM must be
generated following the baseline generation rules. If LA does not add any additional
object to this CPM, e.g. because they were included in the previous CPM, the CPM
generated will only include the new detected objects (typically less than three objects per
CPM in the considered scenario). This increases the CBR of LA resulting in a similar
level than the baseline generation rules in the high density. However, Figure 38 shows
that the LA proposal is able to improve the PDR compared to the baseline generation
rulesunder both densities. Thisismainly because LA significantly reducesthe generation
of communications overhead by reducing the CPM rate when compared with the baseline

generation rules under both medium and high densities.

Table 12. Average CBR
Traffic Density

Techniques

M edium High
Baseline 49.4% 82.1%
LA 41.4% 82.7%
Difference -16.2% 0.7%
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Figure 38. PDR (Packet Delivery Ratio) as a function of the distance between transmitter and receiver
under different densities.
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7.3.3 Perception capabilities

The previous sections have shown that the LA proposal improves the V2X
communications performance resulting from the reorganization of CPMs. This section
evaluates how LA impacts the perception capabilities of CAVs. To this aim, Figure 39
compares the object perception ratio achieved with the current baseline generation rules
and the LA proposal. The figure showsthat LA and the baseline generation rules achieve
high perception for distances up to around 300 m and 200 m for medium and high density.
At larger distances, the perception achieved by LA isincreased when compared with the
baseline generation rules. This is due to two main reasons. The first one is the fact that
LA increases the PDR and therefore the probability to correctly receive CPM messages
increases. The second reason is that LA reorganizes the transmission of detected objects
in CPMs. This reorganization results in a lower number of transmitted CPMs and an
increase (between 13% and 41%) in the average number of times that a detected object
is reported in a CPM. This also has a positive impact on the perception capabilities of

CAVs and hence on the object perception ratio.
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Figure 39. Object perception ratio as afunction of the distance between the detected object and the vehicle
receiving the CPM under different traffic densities.

The perception achieved with the LA proposal is also analyzed by computing the average
distance travel ed by a detected object between consecutive updates received by avehicle.
Figure 40 shows the average distance traveled by a detected object between two
successive CPMs. The figure shows that LA provides the shortest traveled distance
between updates. Thisisbecause it generates more frequent updates between the detected
object and the vehicle receiving the CPMs. In fact, LA generates more frequent updates

at larger distances and the difference is significant for the high density scenario. This
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once again shows that the LA proposal improves the perception of CAV's compared to

the baseline generation rules.
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Figure 40. Average distance traveled by a detected object between two successive CPMss reporting about
this object. Metric represented as a function of the distance between the object and the vehicle receiving
the CPMs.

7.4 Summary and additional results

This chapter addressed one of the main inefficiencies of the baseline generationrules, i.e.
the generation of frequent CPMs, each with a few detected objects. This increases the
communications overhead and degrades the V2X reliability as well as the perception
capabilities dueto the higher overhead. Thisthesis proposes overcoming thisinefficiency
with the Look-Ahead proposal that reorganizes the transmission of objectsin CPMs. This
reorganization results in vehicles transmitting less messages, and each message includes
information about a higher number of detected objects. The evaluation results show that
Look-Ahead is able to simultaneously reduce the overhead, and improve the reliability
of V2X communications and the perception of CAVs. Thisis achieved by reorganizing
the transmission and content of CPMs while still providing object updates less than the
threshold (i.e., 4 m) defined by the baseline generation rules.

The published articlein [65] (included in Annex A.4) extendsthe results presented in this
chapter for the Look-Ahead technique. The paper analyzes the performance in urban and
highway scenarios under different traffic densities. The evaluation in urban scenarios
shows the impact of different vehicle mobility on cooperative perception and the results
show that the LA still performs better than the baseline generation despite the strong
impact of the buildings that significantly attenuate the radio signal and block the sensors

field of view. The PDR results presented in the publication derives the same conclusions
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as presented in this chapter. Also, the metric average time between updates presented in
the article derives the same conclusions and complements the average distance traveled
by a detected object metric presented in this thesis. These additional results once again
justify that the proposed Look-Ahead technique works efficiently under different
scenarios and configurations to reduce the overhead, and improve the reliability of V2X

communications and the perception of CAVs.
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8 Scalable Cooperative Perception

Previous chapters proposed the so-called Look-Ahead and redundancy mitigation
techniques to address the main inefficiencies identified in the baseline generation rules.
Both proposals extend the baseline generation rules, and provide significant benefitsin
terms of perception and channel load. However, Look-Ahead and redundancy mitigation
have been so far designed and evaluated independently while additional gains could be
achieved if both techniques are adequately combined. In this context, this chapter
investigates how Look-Ahead and redundancy mitigation could be combined to further
improve cooperative perception and the system’s scalability. Section 8.1 first performs
an evaluation to show and quantify in more detail the inefficiencies of the standalone
techniques (i.e., the baseline generation rules, look-ahead and redundancy mitigation
techniques). Then, Section 8.2 proposes three different ways to combine the baseline
generation rules with look-ahead and redundancy mitigation. The proposed solutions are
evaluated in Section 8.3 without considering DCC, while Section 8.4 presents the
evaluation with DCC. Finally, Section 8.5 concludes this chapter by providing a brief
summary of the analysis performed as well as alist of the details and additional results
that can be found in the publicationsincluded in [66]. The combinations presented in this
chapter have been presented to ETSI?.

8.1 Evaluation of standalone techniques

The combination of Look-Ahead and redundancy mitigation must be carefully
configured since both techniques may have opposite effects on the generation of CPMs.
For example, Look-Ahead generates larger CPMs by grouping objects into a smaller
number of CPMs, but it can increase the amount of redundancy because objects can be
transmitted more frequently than with the baseline CPM generation rules. On the other
hand, redundancy mitigation techniques decrease the amount of redundancy, but can
increase the frequent transmission of small CPMs. To quantify these inefficiencies, this

section evaluates the operation and performance of the baseline generation rules, Look-

2 These combination technicues are presented in the ETS| Technical Specification (TS 103 324) CPS drafting session
meeting, ITSWG1(21)000009, 04 February 2021.
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Ahead and the proposed redundancy mitigation technique separately. The goa is to
highlight and quantify their inefficiencies when operating independently.

The analysisis performed in ahighway scenario under medium and high traffic densities
(Section 4.2.1). By default, all vehicles are equipped with an ITS-G5 transceiver with
100% MPR, with the 360° sensor configuration (see Section 4.1.2) and without DCC.
The redundancy mitigation technique is evaluated considering the following thresholds:
P_Threshold =1 m, S Threshold=0.5 m/s.

Table 13 compares the channel load experienced with the baseline generation rules, the
redundancy mitigation technique (RM in Table 13) and Look-Ahead (LA in Table 13).
The CBR reduction with LA is achieved under medium traffic densities (16% reduction,
respectively), as discussed in Section 7.3. Thisreduction is produced because LA groups
the transmitted object information in larger and less frequent CPMss. Asthetraffic density
increases, a higher number of new objects are detected per second, and this limits the
capacity of LA totransmit larger CPM s by grouping detected objects. RM decreases even
further the channel load compared to the baseline generation rules (between 41% and
45% under both traffic densities). This is the case because RM reduces the amount of
information transmitted about detected objects to control the level of redundancy.
Reducing the channel load decreases the interference and improves thereliability of V2X

communications by decreasing the probability of packet collisions.

Table 13. Average CBR (Channel Busy Ratio)

Traffic density

Techniques

Medium High
Basdine 49.4 82.1
RM 29.1 49
LA 41.4 82.7

Figure 41 plotsthe PDF (Probability Density Function) of the number of objectsincluded
in each CPM for the three techniques under evaluation. Thefigure clearly showsthat RM
increases the number of CPMs that contain a small number of objects compared to
baseline generation rules and LA. In particular, around 97% of the CPMs generated by
RM contain four or less objects, while this percentage is between 55% and 60% for
baseline generation rules. These trends are observed for all traffic densities. Figure 41
also shows that LA can significantly increase the number of objects included in each
CPM; only between 28% and 34% of CPMs contain information about four or less

objects. Grouping the objectsin larger CPMswas one of the design goals of LA in order
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to reduce the number of CPMs generated per second. Reducing the CPMs generated per
second decreases the communications overhead resulting from protocol and CPM
headers.
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Figure 41. PDF of the number of objectsincluded in each CPM.

The results depicted in Figure 42 show that RM is capable of significantly reducing the
amount of redundancy while LA increases it compared to the baseline generation rules
under all traffic densities. As previously discussed, some redundancy may be positiveto,
for example, combat packet losses. However, excessive and unnecessary redundancy
increases the channel load and computing processing load at the receiver, which will have

to process all the received information.
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Figure 42. Detected object redundancy as a function of the distance between the detected object and the
vehicle receiving the CPM.

This section has analyzed the operation and performance of each of the three techniques
under evaluation when operating independently. The evaluation has shown that the
baseline generation rules generate high channel load and redundancy levels. Redundancy
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and channel load can be reduced with the redundancy mitigation technique. However,
this technique generates a high number of CPMs with a small number of objects that
produce communications overhead and utilize inefficiently the communications channel.
Look-Ahead is effective in reducing the number of CPMs with small number of objects,
but thisis achieved at the cost of increasing the redundancy levels. This analysis clearly
highlights that each technique has advantages but also inefficiencies, and next section

studies how the techniques can be combined for higher effectiveness.

8.2 Combination of L ook-Ahead and Redundancy
Mitigation

This section proposes three ways to combine the baseline generation rules with RM and
LA. To better understand how each combination generates CPMs, Figure 43 first shows
how the baseline generation rules, RM and LA select the detected objects to be included
in a CPM using an illustrative example. The example considers a scenario where a
transmitting vehicle detects 25 objects, but only 6 out of the 25 detected objects satisfy
the baseline generation rules. In this case, only these 6 objects would be included and
transmitted in the current CPM when using the baseline generation rules (Figure 43a).
Let’snow consider that the RM identifies 10 out of the 25 detected objects as redundant®,
i.e.,, their position or speed have not significantly changed since the last time the
transmitting vehicle received information about them in a CPM from any other vehicle.
Out of these 10 redundant objects, it is considered in the example that only 2 of them
currently satisfy the baseline generation rules. If redundancy mitigation is applied, these
2 objects are removed from the CPM and only the remaining 4 objects that currently
satisfy the generation rules are included in the current CPM asiillustrated in Figure 43b.
It should be noted that RM isonly applied to the objectsthat currently satisfy the baseline
generation rules since the other objects will not be included in the current CPM anyway .
However, Figure 43b marks the 10 objects identified as redundant for illustration
purposes. The example also considers that 3 of the detected objects that currently do not
satisfy the baseline generation rules will satisfy them in the next T_GenCpm. In this case,
these 3 detected objects will be included in the current CPM together with the 6 objects

3 These 10 redundant objects are highlighted in Figure 43a, Figure 43b and Figure 43c for illustration purposes, but
the baseline generation rules and LA do not take into account if an object is redundant or not to include it in the CPM.
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that currently satisfy the CPM generation rulesif LA is applied (Figure 43c). Figure 43
clearly illustrates how each of the techniques under evaluation generate different CPMs
when applied individually.

[ ] Detected objects Objectsthat currently satisfy the baseline generation rules .} Objectsincluded in the current CPM
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Figure 43. Example that illustrates how the baseline generation rules, RM and LA build their CPMs when
applied individually.

82.1 LARM

The first proposal to combine LA and RM is referred to as LARM. It first applies the
baseline generation rules and LA, and then applies RM to the objects selected by the
baseline generation rules and LA. As a consequence, LARM removes from the CPM all
the objects that are considered redundant even though they were selected for inclusion
by the baseline generation rules or LA. The objective is to reduce the redundancy
generated by LA, and also to benefit from the reduction in channel load achieved with
RM.

LARM operates as follows. Every T_GenCpm, the baseline generation rules are applied
first. Asaresult, all the objects that satisfy AP>4m or AS>0.5m/s or AT>1s are selected
for inclusion in the currently generated CPM (lines 1-13 of Algorithm IV). If aCPM is
going to be generated, e.g., because at least one object is selected for inclusion with the
baseline generation rules, LA isapplied (lines 14-21 of Algorithm 1V) and all the objects
that were not initially selected by the baseline generation rules but that satisfy Next
AP>4m or Next AS>0.5m/s or Next AT>1s are selected by LA for inclusion in the
currently generated CPM. Then, RM is applied to all the objects selected for inclusionin
the current CPM by the baseline generation rules or by LA (lines 22-29 of Algorithm
V). Tothisaim, RM computes the change in absolute position (4P_R) and speed (4S_R)
of each object since the last time they were received in a CPM from other vehicles. All
the objects that satisfy AP_R<P_Threshold and AS R< S Threshold are removed from
the current CPM. This affects the objects that satisfy the baseline generation rulesin the
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current T_GenCpm and the objects that satisfy the baseline generation rules in the next
T_GenCpm.

ALGORITHM IV.LARM

Input: Detected objects

Output: Objects (if any) to includein CPM
Execution: Every T_GenCpm

1. Setflag=fase
2. For every detected object do

3. If the object is anew detected object then
4, Include object in current CPM

5. Set flag = true

6. Else

7. Calculate AP, ASand AT since the last time the object was included in aCPM
8. If AP>4m || ASS0.5m/s|| AT>1 sthen
9. Include object in current CPM

10. Set flag = true

11. End If

12. EndIf

13. End For

14. If flag = truethen
15.  For every detected object not included in current CPM do

16. Calculate Next AP, Next ASand Next AT

17. If Next AP>4 m || Next AS>0.5 m/s || Next AT>1 sthen
18. Include object in current CPM

19. End if

20. End For

21. End If

22. If flag = true then
23.  For every detected object included in the current CPM do
24. Cdculate 4P_Rand A4S R sincelast time the object was received in a CPM

25. If AP_R< P_Threshold && AS R< S Threshold then
26. Omit object in current CPM

27. End If

28. EndFor

29. End If

Figure 44a illustrates the operation of LARM, and how it selects the objects to be
included in a CPM using the examplein Figure 43. In the example, atransmitting vehicle
detects 25 objects, but only 6 of them currently satisfy the baseline generation rules.
Additionally, 3 detected objects that do not currently satisfy the baseline generation rules
will do so in the next T_GenCpm. LARM applies then RM to the 9 objects that satisfy
the generation rules now and in the next T_GenCpm. 3 out of these 9 objects are detected
asredundant by RM and removed from the CPM. In Figure 44a, RM removes the objects
initially selected by the baseline generation rules and objects selected by LA. Asaresullt,
LARM finally includes 6 detected objects in the current CPM.
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Figure 44. Example that illustrates how each proposal to combine the basdline generation rules, RM and
LA buildstheir CPMs.

822 RMLA

The second proposal to combine LA and RM isreferred to as RMLA. It first applies the
baseline generation rules and RM, and then LA. Asaresult, RM removesfirst the objects
that currently satisfy the baseline generation rules but are considered redundant. Then,
LA is applied to the objects that do not currently satisfy the baseline generation rules
(i.e., LA is not applied to the ones included in the current CPM nor the ones that have
been removed by RM). By applying LA after the baseline generation rules and RM,
RMLA anticipates the transmission of as many objects as possible in the current CPM,
but omits the ones currently considered redundant by RM. However, RMLA can
anticipate the transmission of objects that may be deemed redundant because it applies
LA after RM. Thisis one of the main differences with LARM that applied RM last and
then removed all objects deemed redundant from the list of objects selected by the
baseline generation rulesand LA. We should note that RMLA avoids the transmission of
a CPM if it only contains redundant objects, because LA is only applied if at least one
selected object is not redundant.

RMLA operatesasfollows. Every T_GenCpm, the baseline generation rules are executed
first (lines 1-13 of Algorithm V) and all objects that satisfy AP>4 m or AS>0.5 m/s or
AT>1 s are selected for inclusion in the currently generated CPM. RM is then applied
only to the list of selected objects, and removes from this list those objects that are
deemed redundant because they satisfy AP_R<P_Threshold and AS R< S Threshold
(lines 14-24 of Algorithm V). If at least one object is still selected for inclusion in the
current CPM, LA is executed (lines 25-32 of Algorithm V1) to all the objects that are
currently not included in the CPM and that have not been removed by RM.
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ALGORITHM V.RMLA

Input: Detected objects

Output: Objects (if any) to include in CPM
Execution: Every T_GenCpm

1. Setflag=fase

2. For every detected object do

3. If the object is a new detected object then
4. Include object in current CPM

5. Set flag = true

6. Else

7. Calculate AP, ASand AT since the last time the object was included in a CPM
8. If AP>4m || AS>0.5m/s|| AT>1 sthen
9. Include object in current CPM

10. Set flag = true

11. End If

12. EndlIf

13. End For

14. If flag = truethen
15.  For every object included in the current CPM do

16. Calculate 4P_R and 4S R since last time the object was received in a CPM
17. If AP_R< P_Threshold && AS R< S Threshold then

18. Omit object in current CPM

19. End If

20. End For

21.  If current CPM does not contain any object then

22, Set flag = false

23. EndIf

24. End if

25. If flag = true then

26.  For every detected object not included in current CPM and not removed by RM do

27. Calculate Next AP, Next ASand Next AT

28. If Next AP>4 m || Next AS>0.5 m/s || Next AT>1 sthen
29. Include object in current CPM

30. End if

31. EndFor

32. End If

Figure 44billustratesthe operation of RMLA and how it selectsthe objectsto beincluded
in a CPM. In this example, 25 objects are currently detected but only 6 of them satisfy
the baseline generation rules. Additionally, 3 objects satisfy the baseline generation rules
in the next T_GenCpm and are thus added by LA to the current CPM. The differences
between RMLA and LARM can be clearly observed by comparing Figure 44aand Figure
44b. With LARM (Figure 44a), part of the objects anticipated by LA were removed by
RM. However, with RMLA (Figure 44b), RM isonly applied to the objectsthat currently
satisfy the baseline generation rules, but not to the objects anticipated by LA. Asaresult,
al 3 objects anticipated by LA areincluded in the CPM generated by RMLA.
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8.2.3 eRMLA

The third proposal to combine LA and RM is an extension of RMLA, and is referred to
as eRMLA. This extension is designed with two goals. The first one is to avoid the
transmission of a CPM if it only contains redundant objects, i.e., when all the objects that
satisfy the baseline generation rules are redundant. When this happens, eRMLA behaves
asRM and RMLA and does not generate a CPM. The second goal is to include as many
objects as possible in the CPM when a CPM has to be generated (e.g., when at least one
object satisfies the baseline generation rules and is not redundant). When this occurs,
eRMLA behaves as LA and includes al the objects removed by RM plus the ones
anticipated by LA.

To achieve its goals, eRMLA first applies the basaline generation rules and then RM in
order to remove all the objectsincluded inthe current CPM that are considered redundant
(likein RMLA). If dl the objects are removed, then the CPM is not generated. However,
if a least one object satisfies the baseline generation rules and is not removed by RM,
eRMLA applies LA to all detected objects, including those removed by RM. Thisisin
contrast to RMLA that applies LA to all detected objects except those removed by RM.
Thisis an important difference because all objects removed by RM currently satisfy the
baseline generation rules. Therefore, when eRMLA applies LA to these objects, LA
predicts that they will also satisfy the baseline generation rules in the next T_GenCpm.
Thisis the case because e.g., the distance traveled since the last time these objects were
included in a CPM increases with time. In this context, LA in eRMLA will anticipate
their transmission in the current CPM. The only objects removed by RM that will not be
anticipated by the original LA are the new detected objects. Thisisthe case because LA
is able to anticipate only the transmission of objects that have been aready transmitted
in a previous CPM. eRMLA modifies the original LA technique so that it can also
anticipate in the current CPM the new detected objects that have been removed by RM.
To thisaim, one extra condition is added to LA when executed in eRMLA: if the object
is new (i.e., an object that the vehicle has not transmitted before), it is included in the
CPM.

eRMLA operates as follows. The baseline generation rules are first executed to identify
and select for inclusion in the current CPM the detected objects that satisfy AP>4 m or
AS>0.5 m/s or AT>1 s (lines 1-13 of Algorithm V1). Then, RM removes from the CPM
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the objects that are considered redundant (i.e., that satisfy AP_R<P_Threshold and
AS R< S Threshold) as specified in lines 14-23 of Algorithm VI. If al objects are
removed, the CPM is not generated. When a CPM must be generated (e.g., because at
least one object is included in the CPM after applying RM), eRMLA triggers LA (lines
25-35 of Algorithm VI). LA anticipates and includes in the current CPM the detected
objects that satisfy Next AP>4m or Next AS>0.5m/s or Next AT>1s. LA also includesin
the current CPM the new detected objects that were included by the baseline generation
rules but removed by RM (lines 31-33 of Algorithm V1).

ALGORITHM VI.eRMLA

Input: Detected objects

Output: Objects (if any) to include in CPM
Execution: Every T_GenCpm

1. Setflag=fase
2. For every detected object do

3. If the object is a new detected object then
4. Include object in current CPM

5. Set flag = true

6. Else

7. Calculate AP, ASand AT since the last time the object was included in a CPM
8. If AP>4 m || AS>0.5m/s|| AT>1 sthen
9. Include object in current CPM

10. Set flag = true

11. End If

12. EndlIf

13. End For

14. If flag = truethen
15.  For every object included in the current CPM do

16. Calculate /P_R and 4S R since last timereceived in a CPM
17. If AP_R< P_Threshold && AS R< S Threshold then

18. Omit object in current CPM

19. End If

20. EndFor

21.  If current CPM does not contain any object then

22, Set flag = false

23. EndIf

24. End if

25. If flag = true then

26. For every detected object not included in current CPM do

27. Calculate Next AP, Next ASand Next AT

28. If Next AP>4 m || Next AS>0.5 m/s || Next AT>1 sthen
29, Include object in current CPM

30. End if

31. If the object is anewly detected object then

32. Include object in current CPM

33. End If

34. End For

35. End If
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Figure 44c illustrates the operation of eERMLA and the objects it selects for inclusion in
the current CPM using the same example. Thefigure showsthat RM removes two objects
from the CPM, i.e, it removes 2 out of 6 detected objects that currently satisfy the
baseline generation rules. Since RM does not remove all objects, the CPM must be
generated, and LA is applied next. LA anticipates 3 additional detected objects that
satisfy the baseline generation rules in the next T_GenCpm, plus the 2 objects initially
removed by RM. As aresult, the CPM generated contains 9 objects in total. The CPM
generated in Figure 44c is equa to the CPM generated by LA aone (see Figure 43c).
However, it is important to note that this might not be the case for al CPMs. With
eRMLA, LA is not triggered if RM removes al the objects that currently satisfy the
baseline generation rules. If thisis the case, then a CPM is not generated. The objective
sought with RM in eRMLA is to reduce the number of CPMs generated per second and

increase their size compared to when using LA aone.

8.3 Evaluation of the combined techniques

This section analyzes and compares the performance of the proposed techniques to
combine LA and RM with the baseline generation rules. Thisfirst analysisis conducted
without including congestion control since congestion control can influence the
techniques under evaluation, and it is important to first understand well how the

techniques behave before considering any additional influences.

8.3.1 Generation of CPMs

We first analyze how the proposed combined techniques influence the generation of
CPMs and the inclusion of objectsin CPMs. To this aim, Table 14 and Table 15 report
the average rate of CPMs generated per second per vehicle and the number of objects
included in each CPM, respectively. The results obtained show that eERMLA achievesthe
lowest rate of CPMsfor al traffic densities. Thisisthe case because eRMLA includesin
a CPM all objects that satisfy the baseline generation rules at the time the CPM is
generated as well as those that satisfy them in the next T_GenCpm. In addition, eRMLA
does not omit any redundant object from the CPM when it is generated. This operation
has two main effects. First, eRMLA increases the size of CPMs and decreases the
probability of generating CPMswith asmall number of objects. The second effect isthat
after generating a CPM, eRMLA generally does not generate another CPM in the next
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T_GenCpm since most of the detected objects are aready included in the current CPM.
Thisis partly visible in Table 15 that shows that eRMLA results in the highest average
number of objects included in a CPM, even higher than the number of objects included

by LA when applied alone.

Table 14 also shows that LARM and RMLA generate more CPMs per second than
eRMLA. This is the case because LARM and RMLA do not effectively control the
number of CPMs that contain a small number of objects (see Table 15). When LARM
and RMLA are applied, RM removes the redundant objects that satisfy the baseline
generation rules at the time of generating a CPM. This reduces the number of objects
included in the current CPM, and can trigger the generation of a new CPM in the next
T_GenCpm. This is because in the next T_GenCpm, one (or more) of these removed
objects may not be redundant anymore and should hence be transmitted in a CPM. This
is confirmed by Table 15 that shows that LARM and RMLA result in a lower average
number of objects included in each CPM than eRMLA. Generating many CPMs with a
small number of objectsishighly inefficient since most of the CPM will be (protocol and

CPM) headers.
Table 14. Average rate of CPMs generated per second

Traffic density

Techniques L ow High
Baseline 9.6Hz 9.6Hz
RM 7.1Hz 6.7Hz

LA 5.4Hz 6.2Hz
LARM 6.4Hz 6.1Hz
RMLA 5.4Hz 5.1Hz
eRMLA 2.6Hz 2.1Hz

Table 15. Average number of objectsincluded in each CPM

Traffic density

Techniques Low High
Baseline 5.1 6.4
RM 1.9 1.9

LA 104 12.3
LARM 2.2 2.1
RMLA 34 3.2
eRMLA 138 174

8.3.2 V2X communications

The CPM transmission rate and size can significantly influence the channel load and

hence the V2X communications performance. Table 16 presents the average CBR
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experienced with each technique under both traffic densities. The results obtained show
that all the proposed combined techniques reduce the channel load when compared with
existing standal one techniques (baseline generation rules, RM and LA). Thisis the case
because the combined techniques are abl e to reduce the average CPM generation rate and
the number of objects included in each CPM, as discussed in the previous section. All
three proposals reduce the CBR with eRMLA achieving the lowest CBR.

Table 16. Average CBR (Channel Busy Ratio)

Traffic Density

Techniques M edium High
Baseline 49.4% 82.1%
RM 20.1% 49.0%

LA 41.4% 82.7%
LARM 27.3% 46.0%
RMLA 25.8% 43.0%
eRMLA 24.4% 42.0%

It isimportant for the effectiveness of cooperative perception that vehicles exchange the
sensed datawith minimum latency. Figure 45 represents the information age obtained for
all the techniques and traffic densities. The information age is defined as the difference
between the time the CPM s generated and the time the CPM has been received. The
bars in the figure represent the mean values and the vertical lines correspond to the 5th
and 95th percentiles. The information age is highly influenced by the channel access
mechanism and the channel load. On the other hand, the distance between transmitter and
receiver does not have a significant impact on the information age because the
propagation delay can be considered negligible. Figure 45 showsthat the information age
is below 4 ms for al technigues under medium traffic densities. For the high-density
scenario, theinformation age increases with the baseline generation rulesand LA because
they generate higher channel load levels. The average information age is still around 5
ms with high traffic densities, but some CPMs were delayed between 10 ms and 25 ms.
Figure 45 shows that eRMLA results in a slightly higher information age compared to
LARM and RMLA because it generates significantly larger messages (Table 15).
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8.3.3 Perception

The perception level achieved depends on how objects are organized and included in
CPMsaswell ason the channel load. Figure 46 plots the object perception ratio obtained
with the different techniques under all traffic densities under evaluation. In the medium
traffic density scenario (Figure 46a), al the techniques achieve a very high object
perception ratio up to around 300 m even though the proposed combined techniques
approximately reduce by half the channel load compared with the baseline generation
rules and LA. This is the case because the proposed combined techniques more
effectively use the radio channel by reducing the transmitted overhead and redundancy.
For larger distances, the object perception ratio decreases due to propagation and
interference effects, and the highest object perception ratio is obtained with eRMLA and
LA. LA achieves a high perception despite its high channel load because of its high
transmission efficiency (more transmitted information about objects and less overhead).
The highest perception level is obtained with eRMLA because it is able to achieve a
higher transmission efficiency, and reduce the redundancy compared to LA, thus
reducing the channel load. When the traffic density augments (Figure 46b), the object
perception ratio decreasesin general because the channel load and interferencesincrease.
For al the techniques, the object perception ratio is still very high up to 200 m for the
high density (Figure 46). The lowest perception is experienced with the baseline
generation rules given its inherent inefficiencies that result in the highest CBR (Table
16). The highest degradation in the perception due to the increase of the traffic density is
experienced by LA because a higher number of new objects are detected per second, and

the capacity of LA to group detected objects is more limited (see Section 7 for details).
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Figure 46 shows that eRMLA achieves the highest perception levels for al traffic
densities because it is able to maintain a high transmission efficiency, and relatively low
redundancy and channel load. The results obtained demonstrate its good scalability since
the object perception ratio obtained with eRMLA is nearly maintained when the traffic
density increases. The conducted evaluation shows that eRMLA is the technique that
achieves the highest object perception ratio (Figure 46) and the lowest channel load
(Table 16). Thisisthe case because eRMLA is able to reduce redundancy while most of
the CPM s generated include al detected objects and nearly no small CPM s are generated.
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Figure 46. Object perception ratio as a function of the distance between the detected object and the
vehicle receiving the CPM under different traffic densities.

eRMLA achieves the highest object perception ratio due to its capacity to maintain
adequate redundancy levels while generating the lowest channel load. Figure 47 shows
the detected object redundancy achieved with all thetechniquesfor all thetraffic densities
evaluated. These results demonstrate that the three techniques proposed (LARM, RMLA
and eRMLA) are able to significantly reduce the redundancy compared to the baseline
generation rulesand LA. The lowest redundancy levels are achieved by RM, LARM and
RMLA, but they generate higher load and transmit less efficiently, i.e., generate smaller
CPMs (Table 15). eRMLA increases the redundancy when compared with LARM,
RMLA and RM, but maintains a lower CBR (Table 16). When compared with the
baseline generation rules and LA, eRMLA achieves low redundancy levels at short
distances and high redundancy at larger distances. Increasing the redundancy levels at
high distances increase the probability of successfully receiving the CPMs and augments

then the object perception ratio at high distances.
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vehicle receiving the CPM under different traffic densities

8.4 Evaluation with congestion control

This section evaluates the performance achieved with the combined techniques when
considering the impact of congestion control. In particular, this study considersthe DCC
framework and the impact of DCC Access and DCC Facilities. This evaluation focuses
on the high traffic density scenario that generates the highest channel load levels and
activates DCC. The evauation in Section 8.4.1 considers that only CPMs are transmitted
in the channel, while Section 8.4.2 considers that the transmission of CAMs and CPMs

share the same radio channel.

8.4.1 Only CPMs

Table 17 shows different metrics to understand the effect of DCC on the proposed
techniques and the baseline generation rules. In particular, the table shows the average
CBR, the averagerate of CPMs generated per second by the collective perception service
(column CPM Gen), the average rate of CPM s that are effectively transmitted per second
to the radio channel (column CPM Tx), and the average number of objects included in
each CPM (column CPM Objects). The results are provided for different DCC
configurations. considering only DCC Access, and considering DCC Access and DCC
Facilities. In addition, the table differentiates the obtained results with the Reactive and
Adaptive approaches at DCC Access.

Table 17 shows that the integration of the baseline generation rules with DCC Access
(both Reactive and Adaptive approaches) does not change the number of CPM s generated
and the number of objects per CPM when compared to the scenario without DCC (Table
14 and Table 15). This is the case because DCC Access adapts the CPM transmission

rate, but not the generation rate. When redundancy mitigation is introduced (e.g., in
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LARM, RMLA and eRMLA), the number of CPMs generated and the number of objects
per CPM depend on the received CPMs. The received CPMs are altered by DCC Access
since DCC Access can drop packets to adapt the CPMs transmitted per second and
control the channel load. As a consequence, the number of CPMs generated and the
number of objects per CPM tend to increase with DCC Accesswhen it isintegrated with
LARM, RMLA and eRMLA (Table 17). When no packets are dropped by DCC Access,
the proposed techniques generate (approximately) the same number of CPM s per second
and include the same number of objects per CPM compared to the scenario without DCC.
Packet drops are visible in Table 17 when the number of CPMs transmitted islower than
the number of CPMs generated. Packet drops are avoided when the channel load is low
(DCC Accessis not activated) or when the CPM generation frequency is lower than the
limit provided by DCC Access. When considering DCC Access with the Reactive
approach, all the techniques suffer from packet drops, except eRMLA. Thisis the case
because only eRMLA avoids the generation of frequent and small CPMs. When DCC
Access with the Adaptive approach is used, the number of CPM s transmitted is equal to
the number of CPMs generated for al the techniques, except the baseline generation
rules. In this case, the CBR for all the techniques was not sufficiently high to activate the
Adaptive approach, and it was only activated for the baseline generation rules that
generated a CBR of 82.1% when DCC was not applied (Table 16).

When both DCC Access and Facilities are used, the results reported in Table 17 show
that DCC Facilities is able to effectively eliminate all packet drops. This is the case
because the number of CPMs generated is equal to the number of CPMs transmitted for
al the techniques independently of whether using the Reactive or Adaptive approaches
for DCC Access. Instead of dropping CPMs, DCC Facilities modifies the T_GenCpm
dynamically to adapt the CPMs generated to the amount of resources that can be
transmitted by DCC Access. As a consequence, DCC Facilities al so changes the number
of objectsincluded in each CPM. Thisisthe case because when T_GenCpmisincreased,
more objects will satisfy the baseline generation rules since the last CPM transmitted.
However, the proposed techniques under DCC Access Adaptive report asimilar number
of objects per CPM and CPM generation rate when compared to the scenario without
DCC. This is the case because the CBR generated by the proposed techniques was not
sufficient to activate DCC Access Adaptive.
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Table 17. Average CBR, rate of CPMs generated and transmitted per second and number of objects per
CPM in the high traffic density scenario when only CPM s are generated

DCC . DCC Reactive DCC Adaptive
configuration Techniques CBR CPM CPM CEM CBR CPM CPM CEM
Gen  Tx Objects Gen Tx Objects
Baseline 40.5% 9.6Hz 58Hz 6.4 67.0% 96Hz 72Hz 64
LARM 39.1% 7.1Hz 49Hz 9.6 46.3% 6.2Hz 6.2Hz 2.1

DCCACCeSS  RMLA  420% 66Hz 49Hz 106 433%  5.Hz 51Hz 32

eRMLA 423% 22Hz 22Hz 17.4 42.1% 21Hz 2.1Hz 174
Baseline 39.1% 49Hz 49Hz 9.3 62.0% 49Hz 49Hz 9.3
DCC Access+ LARM 39.0% 4.7Hz 4.7Hz 3.6 46.4% 6.2Hz 6.2Hz 2.1
Facilities RMLA 39.0% 4.1Hz 41Hz 5.0 43.0% 51Hz 51Hz 3.2
eRMLA 37.7% 20Hz 2.0Hz 17.7 42.0% 21Hz 21Hz 174

The impact of DCC on the object perception ratio is shown in Figure 48. Figure 48a and
b show the results obtained with DCC Access only, while Figure 48c and d show the
results when both DCC Access and Facilities are considered. As expected, the packets
dropped by DCC Access with the Reactive approach significantly reduce the object
perception ratio (Figure 48a). This degradation also results from the well-known
synchronization problem [2] (explained in Section 5.3) observed with the Reactive
approach of DCC Access in which vehicles synchronize with each other and transmit
nearly at the same time increasing the probability of packet collisions. Only eRMLA is
not affected by packet dropping because of itslow CPM generation rate, that allows that
CPMs do not wait in the DCC Access queue and are always transmitted. The Adaptive
approach of DCC Access (Figure 48b) does not negatively impact any of the proposed
techniques dueto their low CBR.

Figure 48c shows that the object perception ratio achieved with the baseline generation
rules when jointly considering DCC Access and DCC Facilities with the Reactive
approach is degraded at larger distances when compared to the scenario considering only
DCC Access (Figure 484d). This is mainly due to the following reasons. First, DCC
Facilities does not mitigate the synchronization problem discussed previously when only
one message type is considered. In this case, vehicles still tend to be synchronized and
simultaneously transmit because the transmission times do not differ from the case with
only DCC Access. Also, DCC Facilities adapts the T_GenCpm so that the CPMs
generated can be transmitted by DCC Accesswith limited delay, which reduces the CPM
transmission rate. The performance achieved with eRMLA is dlightly reduced at larger
distances compared to the scenario with only DCC A ccess because of a small reduction

in the CPM transmission rate. Figure 48c aso shows that the object perception ratio of
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LARM and RMLA significantly increases compared to the scenario when only DCC
Accessis used (Figure 484d). This improvement is mainly produced because LARM and
RMLA generate aperiodic CPMs with DCC Facilities (LARM and RMLA sometimes
omit CPMs due to the use of redundancy mitigation and Look-Ahead). This reduces the
probability that al vehicles simultaneously transmit and hence combats the
synchronization problem.

Figure 48d shows that the object perception ratio obtained with the proposed techniques
when jointly considering DCC Access and DCC Facilities with the Adaptive approach is
close to the one obtained when only DCC Access is used (Figure 48b). Thisis the case
because the proposed techniques reduce the CBR below 50% (Table 17) and thus the
Adaptive approach at DCC Access was not activated. However, the object perception
ratio achieved with the baseline generation rules improves using the Adaptive approach
at DCC Access and DCC Facilities. This is the case because DCC Facilities reduce the
CPM transmission rate and increase the number of objectsin each CPM. This eventually
reduces the CBR and improves the percentage of CPM s successfully received.

The results depicted in Figure 48 clearly show that the highest object perception ratio is
obtained with eRMLA independently of the DCC configuration. eRMLA is able to
increase the distance at which an object perception ratio of 0.9 is achieved compared to
the baseline generation rules by nearly 180% and 27% when using DCC Access only
with the Reactive and Adaptive approaches respectively. The improvement is equa to
116% and 8% when using both DCC Access and Facilities, and DCC Access is
configured with the Reactive and Adaptive approaches, respectively.
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Figure 48. Object perception ratio as a function of the distance between the detected object and the vehicle
receiving the CPM for different DCC configurations in the high traffic density scenario.

Figure 49 depicts the information age experienced with the baseline generation rules and
the proposed techniques with all the DCC configurations evaluated. When only DCC
Access is used, the information age generally increases (up to 250 ms) compared with
the scenario without DCC (less than 5 ms) because of the waiting time of the packets at
the DCC Access queues. The information age does not increase with eRMLA and DCC
Access Reactive (Figure 49a) because the proposed technique reduces the channel load,
and packets are not dropped or queued at the access layer. A similar trend occurs for al
the proposed techniques when using DCC Access Adaptive (Figure 49b) since the
channel load they generate is not sufficiently high to activate DCC Access. In this case,
the proposed techniques obtain an information age below 5 ms, while the information
age increases up to around 190 ms with the baseline generation rules.

When DCC Access and Facilities are used, the information age generally decreases
compared to when only DCC Access is used. This is the case because DCC Feacilities
adapts the T_GenCpm based on the upper limit of the fraction of time that the vehicleis
allowed to transmit (provided by DCC Access) and CPMs tend to wait less time in the
DCC Access queues. However, theinformation ageis still significantly higher than when
DCC is not used. When DCC Facilities is combined with DCC Access Reactive (Figure
49c), the information age for the baseline generation rules, LARM and RMLA are
significantly reduced compared to when only DCC Access Reactive is applied. When
DCC Facilities is combined with DCC Access Adaptive (Figure 49d), a significant
reduction of the information age is also observed with the baseline generation rules. The
proposed techniques achieve a significantly lower information age because the channel
load they generate is not high enough for DCC Access to be activated. This eliminates
packet drops and queuing at the access layer that ultimately reduces the information age
to anegligible level.
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Figure 49. Average information age for CPMs with and without DCC in the high traffic density scenario.
The bars represent the average values and the vertical lines represent the 5th and 95th percentiles.

8.4.2 CPMsand CAMs

This section complements previous evaluations with a scenario where all vehicles
generate and transmit CAMs and CPM s on the same radio channel. The transmission of
CAMsincreases the channel load and activates DCC with higher probability. CAMs and
CPMs are configured with the same DCC profile so that they share the channel equally.
Table 18 shows the average CBR, the average rate of CAMs and CPMs generated and
transmitted per second, and the average number of objects included in each CPM for the
baseline generation rules and the proposed techniques under all DCC configurations. The
transmission of CAMs and CPM s significantly increases the channel load compared with
the previous section (Table 17). This results in packet drops for al techniques under
evaluation when using only DCC Access. With DCC Access Reactive, approximately
50% of CAMsand CPMsare dropped, and no significant differences are observed among
techniques since DCC Access Reactive adapts the message transmission rate without
considering the message size. DCC Access Adaptive tolerates higher channel load levels
and drops | ess packets (between 25% and 45% approximately). In addition, DCC Access
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Adaptive does take into account the message size because it takes into account the time
consumed by message transmissions. As a consequence, higher differences can be
observed among the proposed techniques, being eRMLA the one with the lowest number
of CPMs generated and transmitted per second due to their higher number of objects.
When only DCC Accessis used, Table 18 aso shows that the highest number of CPMs
dropped is obtained with the baseline generation rules, since it generates the smallest
CPMs and thus has higher overhead. It also shows that the lowest number of CPMs
dropped is obtained with eRMLA because it generates the CPM s with the higher number
of objects.

When DCC Access and Facilitiesare used, T_GenCamand T_GenCpm are dynamically
modified to adapt the number of CAMs and CPMs generated to the upper limit of the
fraction of time that the vehicle is allowed to transmit. This significantly reduces the
percentage of CAMs and CPMs that are dropped compared with the scenario with only
DCC Access (Table 18). This reduction is particularly relevant when DCC Access
Adaptive is combined with DCC Facilities that results in 11.5% CPM drops and 8.3%
CAM drops with the baseline generation rules. The proposed techniques reduce the
percentage of dropped messages. In fact, with eRMLA, no CAMs or CPMs are dropped
when DCC Access and Facilities are utilized (independently of whether using DCC
Access Adaptive or Reactive). As analyzed below, this could have a positive impact on
cooperative perception since all the CPMs generated are effectively transmitted.

Table 18 aso shows that the more efficient generation and transmission of CPMss affect
the rate of CAMs that can be transmitted. As it can be observed, the rate of CAMs
transmitted increases when the proposed techniques are used, for al the DCC
configurations, and especially when eRMLA is used because its higher transmission
efficiency. The higher CAM transmission rate would benefit other applications and

services that would receive more frequent information about the transmitting vehicle.
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Table 18. Average CBR, rate of CAMs and CPMs generated and transmitted per second and number of
objects per CPM in the high traffic density scenario when CAMs and CPMss are generated

DCC DCC Reactive DCC Adaptive
confiquration Techniques CBR CAM CAM CPM CPM CPM CBR CAM CAM CPM CPM CPM
9 Gen Tx Gen Tx Objects Gen Tx Gen Tx Objects

Baseline 38.2% 33Hz 1.4Hz9.6Hz 50Hz 6.4 682% 3.3Hz 1.8Hz 9.6Hz 6.2Hz 6.3
LARM 48.5% 3.3Hz 1.5Hz 6.4Hz 34Hz 115 66.1% 3.3Hz 2.3Hz 7.3Hz 49Hz 7.3
RMLA 50.1% 3.3Hz 1.5Hz 6.3Hz 34Hz 11.8 65.9% 3.3Hz 2.3Hz 6.5Hz 4.4Hz 8.6
eRMLA 53.9% 3.3Hz 1.5Hz 6.1Hz 3.0Hz 12.2 65.6% 3.3Hz 2.5Hz 4.4Hz 2.8Hz 14.2
Baseline 47.9% 1.1Hz 0.5Hz 6.2Hz 4.2Hz 8.1 62.5% 2.4Hz 2.2Hz 2.6Hz 2.3Hz 16.3
DCC Access+ LARM 41.2% 15Hz 1.3Hz 4.4Hz 35Hz 85 62.9% 2.4Hz 2.2Hz 4.6Hz 4.3Hz 5.6
Facilities RMLA 46.7% 1.5Hz 1.3Hz 4.0Hz 32Hz 10.0 62.4% 2.3Hz 2.2Hz 3.9Hz 3.6Hz 8.2
eRMLA 51.8% 1.3Hz 1.3Hz 2.3Hz 23Hz 174 59.4% 2.5Hz 2.5Hz 1.9Hz 1.9Hz 17.8

DCC Access

Figure 50 depicts the object perception ratio achieved with all DCC configurations when
CAMsand CPMs are transmitted on the same channel. The figure shows that the highest
perception is again obtained with eRMLA for al DCC configurations. However, the
perception achieved decreases compared to the scenario without CAMs since CAMs
consume part of the bandwidth and generate additional interferences. The degradation
experienced by LARM and RMLA due to the transmission of CAMs is smaller when
only DCC Accessis used (Figure 50a and b). The baseline generation rules achieved the
lowest perception ratio when only DCC Access is used (especialy with DCC Access
Reactive) due to the synchronization problem.

Combining DCC Facilities and DCC Access generally improves the object perception
ratio compared with only using DCC Access for al the techniques considered (Figure
50c and d). A significant increase of the object perception ratio is observed especially for
LARM and RMLA when DCC Fecilitiesis used with DCC Access Resactive because the
lower number of CPMs dropped. DCC Facilities helps aleviating the synchronization
problem observed with DCC Access Reactive even when the baseline generation rules
are considered (Figure 50a and Figure 50c). On the other hand, similar results are
obtained with and without DCC Facilities when using DCC Access Adaptive (Figure 50b
and Figure 50d). The main difference is that the use of DCC Facilities reduces
significantly the CPM generation rate of the baseline generation rules, reduces the
dropped CPMs and increases the CPM size. Thisimproves the perception achieved with
the baseline generation rules (Figure 50d).
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Figure 50. Object perception ratio as afunction of the distance between the detected object and the vehicle
receiving the CPM for different DCC configurations when CAMs and CPM s are transmitted on the same
channdl in the high traffic density scenario.

Figure 51 reports the information age obtained with the baseline generation rules and the
proposed techniques with all DCC configurations when both CAMs and CPMs are
transmitted on the same channel. When only DCC Access is used, the information age
generally increases compared with the scenario without CAMs since DCC Accessis now
activated as the CAMs increase the channel load. The baseline generation rules slightly
reduce the information age compared with the proposed techniques when only using
DCC Access, but thisis achieved at the expense of alower object perception ratio (Figure
50). As expected, the DCC Access Reactive approach increases the information age for
all the techniques evaluated compared with the DCC Access Adaptive approach.

When DCC Fecilities is combined with DCC Access, the information age is in general
reduced, especially when using the proposed techniques. With DCC Access Reactive and
DCC Facilities (Figure 51c), LARM and eRMLA reduce the average information age
compared to the baseline generation rules by around 50%. With DCC Access Adaptive
and DCC Facilities (Figure51d), eRM LA reducesthe average information age by afactor
of 5 compared to the baseline generation rules, and by afactor of 4 compared to LARM
and RMLA, approximately. Thisis the case because eRMLA generates CPMs at alower
frequency, and most of the time the DCC Access gate is open when a CPM is generated.
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This result demonstrates that eRM LA can facilitate the transmission of CPMswith alow

latency even under the presence of CAMs.
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Figure 51. Average information age for CPMs with and without DCC when CAMs and CPMs are
transmitted on the same channel in the high traffic density scenario. The bars represent the average values
and the vertical lines represent the 5th and 95th percentiles

8.5 Summary and additional results

This chapter has proposed and evaluated three methods to combine the proposed
techniquesin order to improve the effectiveness of cooperative perception while ensuring
their scalability. The proposed methods combine, for the first time, the baseline
generation rules for cooperative perception messages with mechanisms to control the
redundancy and to efficiently organize the information about detected objectsin order to
avoid the freguent transmission of small messages that increase the communications
overhead. The study has evauated the effectiveness and scalability of the proposed
techniques under different traffic density scenarios and considering the integration with
congestion control mechanisms and the coexistence of cooperative perception messages
and awareness messages. The conducted evaluation has demonstrated that the proposed
combinations improve the perception of CAV s and reduce the information age compared
to the baseline generation rules. In addition, the combinations reduce the channel load

and improve the scal ability of cooperative perception services. The conducted evaluation
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has demonstrated that the most effective way to combine the baseline generation rules
with redundancy control and Look-Ahead mechanisms is by first applying the basdline
generation rules, then redundancy control and finally the look-ahead mechanism to all
detected objects, including those initially removed by the redundancy control scheme.
This combination, referred to as eRMLA in this study, achieves the highest perception
and lowest information age and channel load thanks to a better balance between object

redundancy and communications overhead.

The submitted paper [66] extends the results presented in this chapter by analyzing the
operation and performance also in an additional highway traffic density (180 veh/km).
The paper also considers an additional metric defined as the percentage of detected
objects that are included in each CPM. This metric helps to analyze the effectiveness of
the techniques by verifying whether the techniques include all detected objects in each
generated CPM. Thisis relevant because transmitting all the detected objects in the same
CPM helps receiving vehicles to rapidly identify the objects that are detected by other
nearby vehicles. Also, the paper reports PDR results computed under different traffic
densitiesto further justify the results of the achieved CBR and the object perception ratio.
The additiona analysis reported in the submitted paper derives the same conclusions as

those presented in this chapter.
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9 Conclusionsand futurework

Cooperative perception enables connected and automated vehicles to share information
about detected objects to improve the sensing accuracy, confidence, and perception of
the driving environment. This thesis has studied the performance of cooperative
perception, and identified challenges and inefficiencies of existing solutions. The thesis
has then proposed different technigques to improve the overal efficiency and scalability
of cooperative perception and the underlying vehicular network. The study performed in
this thesis considers the current status of the ETS| standardization work on cooperative
perception that includes the definition of the CPM format and the generation rules to
maximize the scientific and industrial impact of the conducted research and proposed
solutions. Thework carried out within the framework of thisthesis can be considered one
of the first studies on cooperative perception and most of the conducted evaluations and
the proposed techniques presented in this thesis are incorporated and published in the
ETSI Technical Report and Technical Specification for collective perception.

9.1 Dimensioning analysis

The research undertaken in this thesis started with an extensive review of the state-of-
the-art in cooperative perception including related standards. The review conducted
showed that existing studies mainly focus on the overall performance of cooperative
perception but do not analyze the message generation and DCC configurations in detail.
Then a detailed dimensioning study was identified as essentia to study the importance
and criticality of some components, parameters and configurations that can have an

impact on the performance and effectiveness of cooperative perception.

To conduct the dimensioning study, a simulation platform was implemented to evaluate
cooperative perception. At the time of initiating the thesis, there were no open source
platforms for the evaluation of cooperative perception solutions. This platform has been
implemented in this thesis using ns3 and implementing an accurate modeling of the
cooperative perception service, the radio access technology, the different layers of the
V2X communications protocol stack (including DCC), an accurate radio propagation

model, the sensing capabilities of the vehicles and realistic road traffic models.
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Using the simulation platform, a dimensioning study on cooperative perception has been
conducted. The study includes the evaluation of the generation rules defined by ETSI
(baseline generation rules) and compares it with periodic generation policies to analyze
its effectiveness and to identify existing potentia inefficiencies. The analysis results
show that the baseline generation rules achieve an interesting bal ance between perception
capabilities and communications performance when compared with periodic ones.
However, the baseline generation rules present certain inefficiencies that can overload
the communications channel and limit the scalability of the cooperative perception
service. The first inefficiency is related to the transmission of redundant information
since multiple CAVs can detect the same object simultaneously and include its
information on their CPMs. The second inefficiency isrelated to the generation of ahigh
number of CPMs with a small payload.

The dimensioning study also includes a detailed analysis on several configurations and
components of cooperative perception. The study demonstrates that cooperative
perception can complement on-board sensors and increase the vehicle's sensor
perception beyond its sensors field of view. In particular, the study showsthat very high
perception levels can be achieved from low penetration rates (from 40%) and the sensors’
characteristics do not greatly impact on the cooperative perception with a high market
penetration rate. The results also show that the perception achieved with cooperative
perception strongly depends on the sensors’ field of view and range when the market
penetration rate is low. The study then shows that the perception achieved with
cooperative perception degrades with high density and when sensor fusion is not
implemented because these factors increase the channel load in the network and impact

on the V22X communications performance.

Finally, the dimensioning study analyzed the impact of DCC on cooperative perception
since DCC can alter the generation and transmission of CPMs and hence impact the
effectiveness of cooperative perception. The study demonstrates that using congestion
control protocols only at the Access layer augments the latency (or information age) of
CPMs. This reduces the value of cooperative perception and can negatively impact
connected automated driving that requires low latency for safe driving. This study then
demonstrates for the first time that this challenge can be addressed through the
combination of DCC Access and DCC Facilities. This combination increases the

perception and reduces the latency through the dynamic adaptation of the rate at which
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cooperative messages are generated and transmitted, and thus ultimately benefits the
V2X network and the effectiveness of cooperative perception.

9.2 Redundancy Mitigation

One of the main challenges identified in the dimensioning study is that the baseline
generation rules generate significant detected object redundancy that can compromise the
network scalability. The thesis illustrates and quantifies the redundancy problem in
cooperative perception in detail considering the baseline generation rules. It then
proposes a redundancy mitigation technique to address the identified inefficiency. The
proposal extends the baseline generation rules to filter out the detected objects from the
CPM that have not significantly changed their position, speed, and heading since the last
time they were received as part of a CPM. The results obtained in this thesis show that
the proposed redundancy mitigation technique significantly reduces the redundancy and
channel load and improvesthe reliability of V2X communications. Also, the redundancy
mitigation technique maintains the same perception performance (with significantly
fewer messages) than the current baseline generation rules for safety-critical short and
medium distances. It is aso able to improve the perception at larger distances when the
traffic density is high. These benefits are obtained while still providing object updates
below the threshold (i.e., 4 m) defined by the baseline generation rules.

9.3 Look-Ahead

Another cooperative perception challenge identified in this thesis is related to the
generation of frequent CPMs that contain small number of objects. This increases the
communications overhead and degrades the V2X communications reliability as well as
the perception capabilities dueto the high overhead. To addressthese problems, thethesis
proposes and explains the Look-Ahead technique that extends the baseline generation
rules to reorganize the transmission of objects. The Look-Ahead technique is triggered
every time a new CPM must be generated by the baseline generation rules. Then, the
proposed technique looks ahead and predicts if any of the detected objects that are not
included in the current CPM would be included in the following CPM. If thisisthe case,
the transmission of these objectsis anticipated and included in the current CPM by L ook-

Ahead. This reorganization results in vehicles transmitting fewer messages, and each
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message includes information about a higher number of detected objects. The detailed
analysis carried out on the performance achieved with the Look-Ahead and the baseline
generation rules shows that Look-Ahead is able to simultaneously reduce the overhead
and the channel load, and improve the rdiability of V2X communications and the
perception of CAVs. This is achieved by reorganizing the transmission and content of
CPMswhile still providing object updates more frequently than the threshold (i.e., 4 m)
defined by the baseline generation rules.

9.4 Combination of Look-Ahead and Redundancy
Mitigation

L ook-Ahead and the redundancy mitigation proposal have been designed independently
of each other, and they can have opposite effects on the generation of CPMs. In this
context, the thesis finally investigates how Look-Ahead and redundancy mitigation
should be combined to further improve cooperative perception and the system’'s
scalability. To this aim, the thesis proposed three different methods to combine the
baseline generation rules for CPMs with mechanisms to control the redundancy and to
efficiently organize the information about detected objects in order to avoid the frequent
transmission of small messages that increase the communications overhead. The study
has eval uated the effectiveness and scal ability of the proposed techniques under different
traffic density scenarios and considering the integration with congestion control
mechanisms and the coexistence of CPMs and awareness messages. The conducted
evaluation has demonstrated that the proposed techniques improve the perception of
CAVs and reduce the information age compared to the baseline collective perception
service. In addition, the techniques reduce the channel load and improve the scalability
of cooperative perception services. The conducted evaluation has also demonstrated that
the most effective way to combine techniques is by first applying the generation rules,
then redundancy control and finally the L ook-ahead mechanism to all detected objects,
including those initially removed by the redundancy control scheme. This combination
technique is referred to aseRMLA, and this technique (eRMLA) better balances object
redundancy and communications overhead and achieve the highest perception and lowest

information age and channel |oad.
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9.5 Futureresearch directions

This thesis has demonstrated the potential benefits of cooperative perception for the
development of connected and automated driving, and provided solutions to improve the
efficiency and scalability. The contributions proposed in this thesis have significantly
contributed to the ETSI standardization process and some of the main future lines of
research identified are detailed below.

The standardization bodies initially developed basic safety and traffic efficiency
applications for CAVs to be transmitted using a single radio interface operating on a
single channel. However, the increased bandwidth needs of CAV's and the development
of the new V2X messages (e.g., VRU Awareness Messages and Maneuver Coordination
Messages) will increase the channel load significantly and could negatively impact the
V2X communications performance. To address this challenge, the adoption of multi-
channel operation (MCO) could support the growing demand of communications
bandwidth by utilizing multiple radio communications channelsin parallel. However, the
impact of MCO on the cooperative perception has to be analyzed in detail, and the MCO
specifications (recently published) |eave the door open for the community to design MCO
solutions that dynamically identify the channel to be used for each message taking into
account the application requirements and the capabilities of the lower layers.

The cooperative perception for CAVs can be deployed using different access
technologies such as IEEE 802.11p/ITS-G5 or IEEE 802.11bd, LTE-V2X or 5G NR
V2X. In thisthesis, the work done on cooperative perception is technology agnostic and
is evaluated using the IEEE 802.11p/ITS-G5 access technology. Few studies have
analyzed cooperative perception in other accesstechnologies. To the author’ sknowledge,
no study compares and analyzes the impact of the accesstechnology (IEEE 802.11p/ITS
G5 or IEEE 802.11bd, LTE-V2X and 5G NR V2X) on cooperative perception. This
comparison study will provide additional insights on how the access technol ogies impact
on the performance and operations of the cooperative perception. Since the thesis
analyzes the impact of congestion control on cooperative perception using the ITS-G5
accesstechnology, it could then be interesting to analyze the impact of congestion control
on cooperative perception using the LTE-V2X or 5G NR access technology, that embed

their own congestion control mechanism. This mechanism is open and could include
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adapting the modulation and coding scheme, controlling the number of sub-channels and

re-transmissions, and reducing the transmission power to control the load.

The impact of DCC on cooperative perception has been analyzed in this thesis because
DCC Access and DCC Facilities could control the generation and transmission of CPMs.
It could be then interesting to design a feed-back based solutions where DCC informs
cooperative perception about the packet control. This feedback system from DCC could
help cooperative perception to handle the generation and contents of the CPMs more
efficiently. For example, when the DCC dropsa CPM at the accesslayer, thisinformation
can be feedback to the cooperative perception so that the cooperative perception
immediately considers the dropped objects in the next generation of CPM, which could
increase the freshness of the reported objects. Alternatively, based on the CBR feedback
from DCC, the redundancy mitigation in cooperative perception could adjust the
redundancy threshold to control the number of redundant objects included in the CPM,
which could increase the probability of successful delivery of the critical (non-redundant)

objects.

The redundancy mitigation technique proposed and analyzed in this thesis can be
considered as anatural extension of the baseline generation rules sinceit is also based on
the mobility or dynamics of the objects. However, other redundancy mitigation
techniques are also reported in the ETSI Technical Report and Technical Specification,
which could be interesting to analyze and compare with the redundancy mitigation
technique proposed in thisthesis. Also, it could be interesting to analyze the combination
of Look-Ahead with more than one redundancy mitigation technique since it filters the

redundant objects using different techniques.

So far in this thesis, the cooperative perception is evaluated with only the participation
of CAVs. However, analyzing the cooperative perception with RSUs could also be
interesting because RSUs could increase the communications reliability due to their
higher antenna height. It could be then interesting to analyze the scenarios (e.g.,
intersections) where RSUs role is important in enhancing the effectiveness of the

cooperative perception.

In recent years, Multi-access Edge Computing (MEC) with 5G networks has been
adopted in many automotive industries for V2X communications. The 5G Uu interface

allows vehicles to transmit V2X messages to the Multi-access Edge Computing (MEC)
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data centers and vice versa using the cellular network. The advantage of using 5G Uu
interface is to provide the network bandwidth between the MEC and vehicles that helps
achieve low latency requirements and high throughput. However, alarge amount of data
is generated with the growing high traffic density which demands a more robust
messaging protocol. This messaging protocol will effectively manage the contents and
messages that needs to be transmitted and processed in the MEC data centers while
guaranteeing the demanding low-latency limit and throughput. However, the messaging
protocol could impact on the operation and performance of the cooperative perception
and thus need to be analyzed in detail.

The thesis shows the effectiveness of the cooperative perception proposed solutions in
the simulation environment. Analyzing the cooperative perception solutions in real
prototype implementation would then complement the existing analysis and deliver a
valuable contribution to the research field. However, the real hardware implementation
considerably increases the required resources and cost. To lower it, the evaluations could
consider opting for an empirical model for CPMs generated from the dataset traces
collected from the CAVs driven on real roads. Another option could be analyzing the
cooperative perception in the emulation environment where few real hosts (real CAVS)
can participate and exchange messages with other large numbers of nodes in the

simulation.
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10 Conclusionesy trabajo futuro

La percepcion cooperativa permite que |os vehicul os autdnomos conectados compartan
informacion sobre los objetos que detectan para mejorar la precision con la que detectan
su entorno de conduccién. Esta tesis ha estudiado e rendimiento de la percepcion
cooperativa e identificado las principales ineficiencias de las soluciones existentes. A
partir de dicha identificacion, la tesis ha propuesto diferentes técnicas para mejorar la
eficiencia y escaabilidad de la percepcion cooperativa y, por tanto, la red de
comunicaciones vehicular. El estudio realizado en estatesis considera el estandar actual
sobre percepcion cooperativa de ETSI que incluye la definicion del formato del mensaje
CPM vy las reglas de generacion para maximizar el impacto cientifico e industrial de las
investigaciones realizadas y las soluciones propuestas. El trabgjo realizado en e marco
de esta tesis puede considerarse uno de los primeros estudios sobre percepcion
cooperativa y la mayoria de las evaluaciones realizadas y las técnicas propuestas
presentadas en esta tesis estan incorporadas y publicadas en e informe técnico y la

especificacion de ETSI sobre percepcion cooperativa.

10.1 Estudio de dimensionado

Lainvestigacion realizada en esta tesis comenzo con una revision exhaustiva del estado
del arte sobre percepcion cooperativa, incluidos los estandares relacionados. Larevision
realizada mostr6 que los estudios existentes se centran principalmente en e rendimiento
general de la percepcion cooperativa, pero no analizan en detalle la generacion de
mensgjes, ni el control de congestion o DCC. Esta revision identifico la necesidad de
realizar un estudio de dimensionamiento detallado para analizar la importancia y
criticidad de algunos componentes, parametros y configuraciones que pueden tener

impacto en el rendimiento y efectividad de |a percepcion cooperativa.

Para redlizar € estudio de dimensionamiento se implementé una plataforma de
simulacion para, puesto que en €l inicio de la tesis no existian plataformas de codigo
abierto que permitieran la evaluaciéon de soluciones de percepcion cooperativa. Esta
plataforma ha sido implementada en esta tesis usando el simulador de cddigo abierto ns3

e implementando un modelado detallado del servicio de percepcion cooperativa, la
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tecnologia de acceso de radio, las diferentes capas de la pila de protocolos de
comunicaciones V2X (incluyendo DCC), un modelo de propagacion radio preciso, las
capacidades de deteccion de los vehiculos (sensores) y modelos realistas de tréfico por

carretera.

Utilizando la plataforma de simulacion se harealizado un estudio de dimensionamiento
de lapercepcion cooperativa. El estudio incluye laevaluacion de las reglas de generacion
definidas por ETSI (denominadas reglas baseline en esta tesis) y las compara con
politicas de generacion de mensajes periodicos para analizar su eficacia e identificar las
posibles ineficiencias existentes. Los resultados del andlisis muestran que las reglas
baseline logran un equilibrio interesante entre las capacidades de percepcion y e
rendimiento de las comunicaciones en comparacion con las periddicas. Sin embargo, las
reglas de generacion baseline presentan ciertas ineficiencias que pueden sobrecargar e
canal de comunicaciones y limitar la escaabilidad del servicio de percepcion
cooperativa. La primeraineficiencia esta relacionada con la transmision de informacion
redundante ya que multiples CAV pueden detectar el mismo objeto simultaneamente e
incluir su informacion en sus CPMs. La segunda ineficiencia esta relacionada con la

generacion de unagran cantidad de CPMss con un reducido tamafio.

El estudio de dimensionamiento también incluye un andlisis detallado sobre varias
configuraciones y componentes de la percepcion cooperativa. El estudio demuestra que
la percepcidn cooperativa puede complementar |os sensores embarcados en el vehiculo
y aumentar la percepcion del vehiculo més alld del campo de vision de sus sensores. En
particular, € estudio muestra que se pueden lograr niveles de percepcion muy elevados
a partir de tasas de penetracion bajas (a partir del 40%) y que las caracteristicas de los
sensores no tienen un gran impacto en la percepcion cooperativa con una tasa de
penetracion de mercado alta. L os resultados también muestran que la percepcion lograda
con la percepcion cooperativa depende en gran medida del campo devisiony € rango de
deteccion de los sensores cuando la tasa de penetracion en e mercado es baja. Ademas,
el estudio muestra que la percepcion lograda con la percepcion cooperativa se degrada
cuando la densidad aumenta y cuando no se implementa la fusién de sensores porque
estos factores aumentan la carga del cana radio e impactan en € rendimiento de las

comunicaciones V2X.
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Finalmente, € estudio de dimensionamiento analizo el impacto de DCC en lapercepcion
cooperativa ya que DCC puede alterar la generacion y transmision de CPMs. El estudio
demuestra que € uso de protocolos de control de congestion solo en la capa de acceso
aumenta la latencia de los CPMs. Esto reduce €l valor de la percepcion cooperativa y
puede tener un impacto negativo en la conducci én auténoma conectada que requiere baja
latencia para una conduccién segura. Ademas, este estudio demuestra por primera vez
que este problema se puede abordar a través de la combinacion de DCC Accessy DCC
Facilities. Esta combinacion mejora la percepcion y reduce la latencia a través de la
adaptacion dindmica de lavelocidad ala que se generan y transmiten los mensajes V2X
y, por lo tanto, beneficia en Ultimainstanciaalared V2X y la eficacia de la percepcion

cooperativa.

10.2 Mitigacion de redundancia

Uno de los principal es problemas identificados en €l estudio de dimensionado es que las
reglas de generacion baseline generan una redundancia significativa de objetos
detectados que puede comprometer |aescalabilidad de lared. Latesisilustray cuantifica
en detalle e problema de redundancia en la percepcion cooperativa considerando las
reglas de generacion baseline. A continuacion, propone una técnica de mitigacion de
redundancia para abordar laineficiencia identificada. La propuesta amplia las reglas de
generacion baseline para filtrar los objetos detectados del CPM que no han cambiado
significativamente su posicion, velocidad y direccion desde la Ultima vez que se
recibieron como parte de un CPM. Los resultados obtenidos en esta tesis muestran que
la técnica de mitigacion de redundancia propuesta reduce significativamente la
redundancia y la carga del canal y mejora la fiabilidad de las comunicaciones V2X.
Ademés, la técnica de mitigacion de redundancia mantiene e mismo rendimiento de
percepcion (con significativamente menos mensgjes) que las reglas de generacion
baseline para distancias cortas y medias. También es capaz de mejorar la percepcion a
altas distancias cuando la densidad de tréfico es alta. Estos beneficios se obtienen sin
dejar de proporcionar actualizaciones sobre objetos detectados por debajo del umbral (es

decir, 4 m) definido por las reglas de generacién baseline.
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10.3 Look-Ahead

Otro problema de la percepcion cooperativa identificado en esta tesis esté relacionado
con la frecuente generacion de CPMs que contienen una pequefia cantidad de objetos.
Esto aumentalacargadel canal radio y degradalafiabilidad de las comunicaciones V 2X
asi como las capacidades de percepcién. Para abordar este problema, latesis propone la
técnica Look-Ahead que extiende las reglas de generacion baseline para reorganizar la
transmision de objetos. La técnica Look-Ahead se activa cada vez que las reglas de
generacion baseline deben generar un nuevo CPM. Entonces, la técnica propuesta
predice si alguno de los objetos detectados que no esta incluido en e CPM actua se
incluiriaen el CPM siguiente. Si este esel caso, latransmision de estos objetos se anticipa
y seincluyen en el CPM actual por Look-Ahead. Esta reorganizacion da como resultado
gue los vehicul os transmitan menos mensajes, y cada mensaje incluye informacion sobre
una mayor cantidad de objetos detectados. El andlisis detallado realizado sobre €
rendimiento al canzado con Look-Ahead y las reglas de generacion baseline muestra que
Look-Ahead es capaz de reducir simultaneamente la carga del cana, y mejorar la
fiabilidad de las comunicaciones V2X y la percepcion. Esto se logra mediante la
reorganizacion de la transmision y el contenido de los CPM sin dejar de proporcionar
actualizaciones de objetos con més frecuencia que € umbral (es decir, 4 m) definido por

las reglas de generacion basdline.

10.4 Combinacion de Look-Ahead y Mitigacion de
Redundancia

Look-Ahead y la propuesta de mitigacién de redundancia se han disefiado de forma
independiente y pueden tener efectos opuestos en la generacion de CPM. En este
contexto, latesis finalmente investiga como Look-Ahead y la mitigacion de redundancia
deben combinarse paramejorar alin mas la percepcion cooperativay la escalabilidad del
sistema. Con este fin, la tesis propuso tres métodos diferentes para combinar las reglas
de generacion basdline para CPMs con mecanismos para controlar la redundancia y
organizar eficientemente la informacién sobre los objetos detectados para evitar la
transmision frecuente de pequefios mensgjes que aumentan la carga del canal. El estudio
ha evaluado la eficacia y escalabilidad de las técnicas propuestas bgjo diferentes

escenarios de densidad de trafico, considerando |aintegraci on con mecanismos de control
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de congestion y lacoexistenciade CPM s con otros mensajes como CAMSs. Laevaluacion
realizada ha demostrado que | as técnicas propuestas mejoran la percepcion y reducen la
latencia en comparacion con las reglas de generacion baseline. Ademas, las técnicas
reducen la carga del canal radio y mejoran la escalabilidad del servicio de percepcion
cooperativa. La evaluacion realizada también ha demostrado que la forma mas efectiva
de combinar técnicas es aplicando primero las reglas de generacion baseline, luego €l
control de redundancia y finamente el mecanismo Look-Ahead a todos los objetos
detectados, incluidos aquellos inicialmente eliminados por € esguema de control de
redundancia. Esta técnica de combinacion se conoce como eRMLA, y es la que mejor
equilibra la redundancia de objetos y la carga de comunicaciones, logrando los mejores
niveles de percepcion, latenciay carga.

10.5 Lineasde Investigacion Futuras

Esta tesis ha demostrado |os beneficios potenciales de la percepcion cooperativa para el
desarrollo de la conduccion autonoma conectada, y ha proporcionado soluciones para
mejorar su eficiencia 'y escalabilidad. Las contribuciones propuestas en esta tesis han
contribuido notablemente al proceso de estandarizacion de ETSI y a continuacion se

detallan agunas de las principales lineas de investigacion futuras identificadas.

Los organismos de estandarizacion como ETSI se han centrado hasta la fecha en €
desarrollo de estandares para los servicios y aplicaciones bésicos que emplean una sola
interfaz en un solo cana radio. Sin embargo, las crecientes necesidades de ancho de
banda delos CAV vy €l desarrollo de nuevos mensgjes V2X (por g emplo, mensajes para
VRUsy mensgj es de coordinacion de maniobras) aumentaran significativamente lacarga
del cana y podrian afectar negativamente el rendimiento de las comunicaciones V2X.
Para hacer frente a este desafio y dar soporte a la creciente demanda de ancho de banda,
los esténdares de ETS| para servicios y aplicaciones avanzados harén uso de MCO
empleando multiples canales radio en paralelo. Sin embargo, €l impacto de MCO en la
percepcion cooperativa debe analizarse en detale, y las especificaciones de ETSI sobre
MCO (recién publicadas) dejan |a puerta abierta para que la comunidad disefie soluciones
MCO que identifiquen dinamicamente el canal a utilizar para cada mensaje teniendo en

cuentalos requisitos de la aplicacion y las capacidades de las capas inferiores.

118



La percepcion cooperativa para CAVs puede implementarse utilizando diferentes
tecnologias de acceso, como |EEE 802.11p/ITS-G5 o IEEE 802.11bd, LTE-V2X 0 5G
NR V2X. En esta tesis, € trabago redizado sobre percepcion cooperativa es
independiente de la tecnologia y se evalla utilizando la tecnologia de acceso |EEE
802.11p/ITS-G5. Son escasos |os estudios que han analizado la percepcion cooperativa
empl eando otras tecnologias de acceso. Hastalafecha, ningn estudio comparay analiza
el impacto de la tecnologia de acceso (IEEE 802.11p/ITS-G5 o IEEE 802.11bd, LTE-
V2X y 5G NR V2X) sobre la percepcion cooperativa. Este estudio de comparacion
proporcionaria informacién adicional sobre cdmo las tecnologias de acceso impactan en
e rendimiento y e funcionamiento de la percepcion cooperativa. Dado que la tesis
analiza el impacto del control de congestion en la percepcion cooperativa utilizando la
tecnologia de acceso I TS-G5, seriainteresante también analizar el impacto del control de
congestion en la percepcion cooperativa utilizando la tecnologia de acceso LTE-V2X o
5G NR V2X, que integran sus propios mecanismo de control de congestién. El control
de congestion en LTE-V2X y 5G NR V2X debe cumplir ciertos requisitos fijados por |os
estandares, pero se deja libertad a fabricante para €l detalle de su implementacién,
pudiendo, por ejemplo, adaptar la modulacién y codificacion de cada paguete, controlar
el nUmero de subcanales y retransmisiones, o reducir la potencia de transmision para

controlar la carga.

El impacto de DCC en la percepcion cooperativa se ha analizado en esta tesis ya que
DCC Access y DCC Facilities podrian controlar la generacién y transmisién de CPM.
Este andlisis revela que seriainteresante disefiar soluciones basadas en retroalimentacion
donde DCC informe a servicio de percepcidon cooperativa sobre e control de los
paguetes. Este sistema de retroalimentacion de DCC podria ayudar a la percepcion
cooperativa a gestionar mejor lageneracion y € contenido de los CPMs de manera méas
eficiente. Por ggemplo, cuando el DCC Access descarte un CPM en la capa de acceso,
podria retroalimentar esta informacion al servicio de percepcion cooperativa para que
tenga en cuenta que |os objetos que se incluian en dicho CPM no han sido enviados, y
por tanto los deberdincluir en el siguiente CPM. Alternativamente, si se retroalimentala
informacion sobre el CBR de DCC, la mitigacion de redundancia de la percepcion
cooperativa podria gjustar el umbral de redundancia para controlar la cantidad de objetos
redundantes incluidos en el CPM. Esto podria aumentar la probabilidad recepcion de los

objetos criticos (no redundantes).
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La técnica de mitigacion de redundancia propuesta y analizada en esta tesis puede
considerarse como una extension natural de las reglas de generaciéon baseline ya que
también se basa en la movilidad o dindmica de los objetos. Sin embargo, se han
identificado otras técnicas de mitigacion de redundancia en € informe técnico de ETSI
sobre percepcion cooperativa, que podrian ser interesantes de anaizar y comparar con la
técnica de mitigacién de redundancia propuesta en esta tesis. Ademés, podria ser
interesante analizar |a combinacion de L ook-Ahead con mas de unatécnicade mitigacion

de redundancia ya que filtra los objetos redundantes utilizando diferentes técnicas.

Hasta e momento en esta tesis se evalla la percepcidén cooperativa con solo la
participacion de los CAV. Sin embargo, analizar |a percepcién cooperativa considerado
nodos RSU también podria ser interesante porque los nodos RSU podrian aumentar la
fiabilidad de las comunicaciones debido a su mayor altura de antena, y ademés podrian
tener mejores sensores y campo de vision. Podria ser interesante analizar aguellos
escenarios (por ejemplo, intersecciones) donde el papel de los hodos RSU es importante

para mejorar la efectividad de |a percepcion cooperativa.

En los Ultimos afios, se ha propuesto y estudiado el empleo de nodos MEC en el borde
(edge) de lared celular 5G para dar soporte a las comunicaciones V2X. La interfaz 5G
Uu permite que los vehiculos transmitan mensgjes V2X a los nodos MEC y viceversa
utilizando lared celular. Laventgade usar lainterfaz 5G Uu reside en que la gestion del
enlace se realiza de forma centralizada, y no distribuida, de forma que en teoria puede
conseguir cumplir los requisitos de bagja latencia y ato rendimiento. Sin embargo,
tambi én puede generar una gran cantidad de datos para que la red tenga un conocimiento
detallado de las necesidades de comunicacion de cada vehiculo y pueda redizar esa
gestion centralizada de forma éptima. Se requerira, por tanto, un control de la
informacion que los vehiculos intercambian con lared y con el MEC, para que puedan
garantizarse los limites de latencia y fiabilidad. El control de dicha informacién podra

afectar sin duda a la percepcién cooperativa, por 1o que debera analizarse en detalle.

Latesis muestrala efectividad de las soluciones de percepcion cooperativa propuestas en
un entorno de simulacion. El andlisis de dichas soluciones sobre prototipos reaes
complementaria el estudio realizado con una importante contribucion a campo de
investigacion. Sin  embargo, la implementacion en hardware real aumenta

considerablemente |os recursos necesarios y €l coste. Para reducirlo, las evaluaciones
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podrian optar por un modelo empirico para los CPM generados a partir de datos
recopilados sobre vehiculos en carreteras reales. Otra opcién podria ser lade andlizar la
percepcidn cooperativa en un entorno de emulacion mixto en e que algunos vehiculos
reales pueden interactuar e intercambiar mensgjes con un gran nimero de nodos en la

simulacion.
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Analysis of Message Generation Rules for Collective Perception in
Connected and Automated Driving

Gokulnath Thandavarayan, Miguel Sepulcre, Javier Gozalvez

Abstract— Collective Perception (CP) or cooper ative sensing
enables vehicles and infrastructure nodes to exchange sensor
information to improve their perception of the driving
environment. CP enables vehicles to detect objects (e.g. non-
connected vehicles, pedestrians, obstacles, etc.) beyond their
local sensing capabilities. ETSI is currently developing the
European standards for collective perception or cooperative
sensing. This includes defining which information should be
exchanged about the detected objects, and how often it should be
exchanged. To this aim, different CP generation rules for
collective perception are currently under analysis, and this
paper presents an in-depth analysis of their performance and
efficiency. The conducted analysis highlights the existing trade-
offs between performance (capacity to detect surrounding
objects) and efficiency (redundant detection and transmission of
the same detected objects). It also demonstrates the need to
design advanced policies that dynamically control the
redundancy on the wireless channel while ensuring the capacity
toreliably detect the driving environment.

Keywords— Collective perception, cooperative sensing,
message generation, connected and automated vehicles, CAV,
V2X, vehicular networks, C-I1TS, cooperative I TS.

I. INTRODUCTION

Automated Vehicles (AVs) are equipped with multiple
exteroceptive sensors (e.g. lidars, radars, sonars and cameras)
to perceive their local environment. The perception
capabilities of each sensor are limited to a certain detection
range and a given field of view. In addition, these capabilities
can beimpaired due to the presence of obstacles (obstructions)
in the field of view, and adverse weather conditions, among
others. These limitations can significantly degrade the
perception capabilities of AV's, and hence negatively influence
their safety and driving efficiency.

Connected and Automated Vehicles (CAVS) can improve
their perception capabilities thanks to the exchange of sensor
information using wireless technologies such as IEEE
802.11p/ITS-G5 [1] or C-V2X/LTE-V [2]. This is generaly
referred to as collective perception or cooperative sensing.
Collective perception enables CAVs to improve their
perception of the surrounding environment by receiving from
other vehicles information about objects that are beyond their
sensing range. It can also improve CAVs’ detection accuracy
and increase the confidence about the detected objects.
Collective perception can also help mitigate the negative
impact of adverse weather conditions on the sensing
capabilities as well as the initia limited CAV market
penetration rate. The collective perception concept can also be
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extended to infrastructure nodes with I TS sensing capabilities.
These nodes can transmit and receive sensor information
to/from vehicles to improve their respective knowledge of the
driving environment.

V2X (Vehicle-to-Everything) standards have beeninitially
designed for vehicles to exchange basic status and positioning
information through beacons (CAMs - Cooperative
Awareness Messages [3] or BSM — Basic Safety Messages
[4]). However, the research community [5] and
standardization bodies are currently working to extend V2X
communications so that vehicles and infrastructure nodes can
also exchange local sensor information to improve their
perception capabilities and the knowledge of the surrounding
driving environment. For example, the ETS|I Technica
Committee on ITS is currently designing the V2X messages
(known as Collective Perception Message or CPM) necessary
for vehicles to exchange sensor information about the status
and dynamics of detected objects. Another important aspect
yet to be decided isthe CPM generation rules that define when
should vehicles exchange CPM messages. These generation
ruleswill have a significant impact on the effectiveness of the
collective perception service and on the wireless vehicular
network. In fact, if vehicles exchange information about
detected objects very frequently, they will significantly
improvetheir perception capabilities and be ableto detect their
surrounding objects with higher accuracy. However, a too
frequent exchange of CPM messages can also saturate the
communications channel to the point that these messages
cannot be transmitted, ultimately reducing the effectiveness of
the collective perception service. Limited studies have been
conducted to date on the impact that the CPM generation rules
will have on the effectiveness of the collective perception
service and the saturation of the wireless communications
channel. This paper addresses this limitation and conducts an
in-depth analysis of the performance and efficiency of
different CPM message generation rules that are currently
discussed a ETSI. These generation rules have been analyzed
under different driving conditions using the networks
simulator ns3. The conducted analysis provides useful
information and interesting observations about the existing
trade-off between perception and channel utilization.

Il. RELATED WORK

Most of the existing collective perception studies have
focused either on the sensor or communication technologies.
For example, [6] and [7] were some of the first studies focused
on analyzing different sensing and fusion techniques. In these
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two studies, the raw sensed information was directly
exchanged between vehicles. Alternatively, Kim et al. [8]
investigated the exchange of raw sensor data, processed
metadata (e.g. lane information represented in the point cloud)
and compressed data (e.g. images from camera sensor) for
collective perception. The results show that the
communication delay increases with the amount of data
transmitted so unnecessary data should be avoided. To
mini mi ze the bandwidth required for collective perception and
reduce the latency, [9] investigated the concept of sharing
detected object data instead of raw sensor data. In this study,
authors experimentally evaluate through field tests the
transmission latency and range for different message sizes and
rates. Gunther et al. [10] extended the message concept
proposed in [9] for collective perception with different
containers in order to specify the detected object parameters,
sensor configurations and the characteristics of the
transmitting vehicle. Thisinformation is used by the receiving
vehicleto perform the coordinate transformation and locate the
detected objects. The efficiency of the proposed message is
investigated with an obstacle avoidance scenario with two
vehicles. The results shows that the proposed solution allows
vehicles to detect earlier a possible obstruction and hence
augments the reaction time to handle a potentia safety risk.
The collective perception message concept proposed in [10]
was evaluated under different low traffic densitiesin [11] and
high traffic densitiesin [12]. Both studies considered different
priority queues and Decentralized Congestion Control (DCC)
mechanisms [13]. These studies analyse the awareness ratio
and channel load for scenarios with different CAV's market
penetration rates. They conclude that collective perception or
cooperative sensing increases the awareness of the driving
environment but could also increase the network congestion.
Suggestions were made by the authors to incorporate
collective perception information in the existing CAM [3] or
move collective perception messages from the control to a
service channel [14]. Alternately, Gani et al. [5] analyze the
advantages of jointly controlling the transmission rate and
length of cooperative sensing messages rather than controlling
them separately. The studies discussed so far focus mainly on
V2V (Vehicle to Vehicle) communications. Wang et al.
highlight in [15] the possibility to utilize V2l (Vehicle to
Infrastructure) communications to support collective
perception at lower CAV s penetration rates.

This study extends existing CP literature by providing an
in-depth analysis of the performance and efficiency of
different CPM generation rules under different traffic
densities. The objective is to investigate the effectiveness of
the CPM generation rules (i.e. the capacity of vehicles to
accurately be aware of their surrounding driving
environment), and aso the communications overhead and
CP-related redundancy that they generate. This analysis
provides important information to further optimize the CPM
generation rules so that the CP effectiveness can be
maintained while reducing the communications overhead to
avoid saturating the communications channel .

I1l. CPM STANDARDIZATION

ETSI TC ITS WG1 is currently working on the
standardization of the Collective Perception Service (CPS)
through the work items DTS/ITS-00167 and DTR/ITS-00183.

The current developments are described in the Technical
Report in[16] that will serve as abaseline for the specification
of CPSin ETSI TS 103 324. The document reports the CPM
format and its Data Elements, and the current CPM generation
rules. In addition, the document discusses on the use of
message fragmentation and segmentation for large CPM
messages, and the need to utilize multiple channels to avoid
saturating the control channel.

The current structure of the CPM includes an ITS PDU
header and 4 types of containers: one Management Container,
one Station Data Container, one or more Sensor |nformation
Containers, and one or more Perceived Object Containers
(POCs) [16]. The ITS PDU header was specified in [17] and
includes Data Elements such as protocol version, the message
ID and the Station ID. The Management Container is
mandatory and provides basic information about the
transmitting vehicle, including its type and position. The
position is used to reference the detected objects. The Station
Data Container isoptional and includes additional information
about the transmitting vehicle, such as its speed, heading, or
acceleration. Part of this information is aso included in the
CAM transmitted by the same vehicle, but it isalso needed in
the CPM. If thisinformation was not included in the CPM, the
transmitting vehicle dynamics would need to be estimated by
the receiving vehicle from the last received CAM. This
estimation could reduce the accuracy of the positioning and
speed estimation of the transmitting vehicle and its perceived
objects.

The Sensor Information Containers describe the sensing
capabilities of the transmitting vehiclee The Sensor
Information Containers are used by receiving vehicles to
derive the areas that are currently sensed by nearby vehicles.
A Sensor Information Container includes the ID of a sensor,
its type (e.g. radar, lidar or a sensor fusion system) and its
detection area, among other Data Elements. Up to ten Sensor
Information Containers can be included in a CPM.

The POCs describe the dynamic state and properties of the
detected objects. Each POC includes information about a
detected aobject, including its object 1D, the ID of the sensor
that detected it, the time of measurement, the distance
between the detected object and the transmitting vehiclein the
XY -plane, and the speed and dimensions of the object, among
others. A single CPM can include up to 255 POCs. Multiple
POCs could report information about the same detected object
but obtained with different sensors. Alternatively, the sensed
information could also be fused and reported in a single POC.
The first approach reduces the computational needs and
processing delays at the transmitting vehicle but may increase
the channel load and processing needs at the receiver.

IV. CPM GENERATION RULES

The CPM generation rules should define how often a CPM
isgenerated by the transmitting vehicle and which information
(detected objects and sensors information) is included in the
CPM. Periodic and dynamic policies are being investigated
and discussed as part of the ETSI standardization process.

The periodic policy generates CPMs periodicaly every
T _GenCpm. In every CPM, the transmitting vehicle includes



the information about all the objects it has detected. The CPM
should be transmitted even if no objects are detected. The
periodic policy is being used as a basgline in the
standardization process to compare its performance and
efficiency with more advanced policies such as the dynamic
one. With the dynamic policy, the transmitting vehicle checks
every T_GenCpm if the environment has changed and it is
necessary to generate and transmit a new CPM. If it is, the
vehicle also decides the objects that should be included in the
CPM. A vehicle generates anew CPM if it has detected a new
object, or any of the following conditions are satisfied for any
of the previously detected objects:

1. ltsabsolute position has changed by more than 4m since
the last timeit was included in a CPM.

2. Its absolute speed has changed by more than 0.5m/s
since the last time it was included in a CPM.

3. The last time the object was included in a CPM was 1
second ago.

4. It is classified as Vulnerable Road User (VRU) or an
animal.

All new detected objects and those that satisfy at least one
of the previous conditions are included in the CPM. In al the
generated CPMss, the Management Container, the Station Data
Container are included, but the Sensor |nformation Containers
are added only once per second. If no object satisfies the
previous conditions, aCPM isstill generated every second, but
only including the Management Container, the Station Data
Container and the Sensor Information Containers. It should be
noted that these CPM generation rules are an adaptation of the
CAM generation rules [3] for detected objects. In addition,
these generation rules are preliminary and only afirst proposal
(hence subject to possible changes in the final specifications)
that must be now carefully analyzed to understand its road
traffic and communication implications.

V. SCENARIO

This study evaluates the impact of the CPM generation
rules through simulations using ns3 and SUMO. We have
extended ns3 with a CPS component and different onboard
sensors. The CPS component implements the periodic and the
dynamic CPM generation rules. Two different periodic
policies with 10Hz (T_GenCpm=0.1s) and 2Hz
(T_GenCpm=0.5s) have been considered as a baseline in this
study. In the dynamic policy, the T_GenCpm parameter has
been set to 0.1s, so that the maximum CPM rate is 10Hz. The
CPM sizeisdynamically calculated by the transmitting vehicle
based on the number of containers in each CPM. The size of
each container has been estimated offline using the current
ASN.1 definition of the CPM [16]. To this aim, we have
generated 10* standard-compliant CPMs and Table | reports
the average size of containers that is used in this study. In our
scenario, each vehicle is equipped with two on-board sensors
[16]. Sensor 1 has 65m range and a field of view of +40
degrees. Sensor 2 has 150m range and a field of view of +5
degrees. The sensor shadowing effect (sensor masking) is
implemented in the XY -plane. We assume that the sensors can
detect only the vehicles that are in their Line-of-Sight (LOS)
[15] and that the objects detected by the two sensors are fused.

The traffic scenario is a six-lane highway with 5km length
and alane width of 4 meters. We simulate two different traffic
densities following the 3GPP guidelines for V2X simulations

[18]. The high traffic density scenario (120veh/km) has a
maximum speed of 70km/h, while the lower one (60veh/km)
has a speed limit of 140km/h. For each traffic density, this
study considers different speeds per lane. The speeds have
been selected based on datistics of a typical 3-lane US
highway obtained from the PeMS database [19]. Vehicles
measure 5m x 2m. To avoid boundary effects, statistics are
only taken from the vehicles located in the 2km around the
center of the simulation scenario. The configuration of the
scenario is summarized in Table I1.

All vehicles are equipped with an ITS-G5 transceiver
(100% penetration) and operate in the same channel. The
propagation effects are modeled using the Winner+ B1
propagation model following 3GPP guidelines [18]. The
communication parameters are summarized in Table 11,

TABLE |. CPM CONTAINERS

CPM Container Size

ITS PDU header

Management Container 121 Bytes
Station Data Container

Sensor Information Container 35 Bytes
Perceived Object Container 35 Bytes

TABLE |l. SCENARIO

Parameter Values
Low traffic density I High traffic density
Highway length Skm
Number of lanes 6 (3 per driving direction)
Traffic density 60 veh/km 120 veh/km
Speed per lane 140 km/h 70 km/h
132 km/h 66 km/h
118 km/h 59 km/h

TABLE I1l. COMMUNICATION PARAMETERS

Parameter Values
Transmission power 23dBm

Antenna gain (tx and rx) 0dBi

Channel bandwidth/carrier freq. 10MHz / 5.9GHz
Noise figure 9dB

Energy detection threshold -85dBm

Data rate 6Mbps (QPSK 12)

VI. EVALUATION
A. Operation

Before analyzing the performance and efficiency of each
CPM generation policy, it is necessary to better understand
their operation. To this aim, we focus first on the dynamic
policy. Figure 1 represents for this policy the Probability
Density Function (PDF) of the number of CPMs transmitted
per second per vehicle under the two traffic densities. The
number of CPMs generated per vehicle depends on the
number of detected vehicles (i.e. traffic density) and on their
dynamics (e.g. an object isincluded inaCPM every 4m). The
speed of vehicles is higher for low traffic densities than for
higher ones. As aresult, vehicles satisfy more frequently one
of the 3 conditions specified in Section IV for the dynamic
CPM generation rules, and vehicles generate more CPMs per
second at low densities (Figure 1a) than at high densities
(Figure 1b). However, not all vehicles generate CPMs at the
same rate in a given traffic density scenario since the speed
limit varies per lane (Tablell). It isinteresting to analyze with
more detail the high traffic density scenario (Figure 1b). As



previously mentioned, the higher the density the less CPMs
arein general generated per vehicle since they travel at lower
speeds. The vehiclesthat travel in the higher speed lane move
at 70kmvh or 19.4m/s. They will then change their absolute
position by more than 4m every 0.21 seconds. Vehicles that
detect this change generate then a CPM at 4.8Hz on average.
However, Figure 1b showsthat there are vehiclesthat transmit
6-10 CPMs per second. This is the case because a vehicle
generates a CPM as soon as one of the vehicles it detects
changesits absol ute position by more than 4m. If the detected
vehicles change their absolute position by more than 4m at
different times, the transmitting vehicle will need to generate
different CPM messages. This explains why CPM frequency
rates as high as 10Hz are observed in the highest traffic
density scenario (Figure 1b). It isalso important to emphasize
that the frequent transmission of CPMs reporting information
about a small number of detected vehicles can result in aloss
of efficiency due to a higher number of channel access
attempts and redundant headers. Such efficiency might be
improved by grouping in a single CPM the information of
several detected vehiclesin ashort period of time.
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Figure1l. PDF (Probability Density Function) of the number of CPMs
generated per second and per vehicle with the dynamic policy.

Figure 2 represents the PDF of the number of objects
included in each CPM for the periodic and dynamic CPM
generation policies under the two traffic densities. The figure
shows that the periodic CPM generation policies augment the
size of CPMs since they include a higher number of detected
objects per CPM. This is the case because the periodic
policies always include in the CPM all the detected objects,
while the dynamic policy selects the detected objects to be
included in a CPM based on their dynamics. As the traffic
density increases, the number of objects included in each
CPM increases with the periodic policies because more
objects (i.e. vehicles in our study) are detected. However,
Figure 2 shows that the traffic density does not significantly
affect the number of objects included in each CPM with the
dynamic policy. Thisisthe case because the speed of vehicles
decreases with the traffic density. Asaresult, vehicles change
their absolute position by more than 4m less frequently. So
even if we detect more vehicles due to the higher traffic
density, the status of a detected vehicle needs to be reported
in a CPM less frequently. The obtained results clearly show
the benefits of the dynamic policy since it can adapt the
number of objectsincluded in each CPM to the traffic density
and speed.
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B. Communications performance
This section evaluates the impact of the CPM generation
policies on the communications performance. To this aim,
Table IV shows the average CBR (Channel Busy Ratio)
experienced when implementing each CPM generation policy
under the two traffic densities. The CBR is measured by each
vehicle every second. The CBR is a measure of the channel
load, and it is defined as the percentage of time that the
channel is sensed as busy. A high CBR value indicates that
the channel is very loaded and hence risks saturating. If this
happens, the communications performance degrades and the
packet delivery ratio decreases [20]. Table IV shows that the
periodic policy operating at 2Hz is the one generating the
lowest channel load. On the other hand, the periodic policy at
10Hz generates the highest channel load. The dynamic policy
generates intermediate channel load levels (Table 1V) in line
with the results depicted in Figure 1 and Figure 2. These
results showed that the dynamic policy generates between 4
and 10 CPMs per second, approximately, and reduces the
number of objectsper CPM compared to the periodic policies.
Consequently, the dynamic policy increases the channel load
compared to a periodic policy at 2Hz, but decreases it
compared to the periodic policy at 10Hz. Table IV shows that
the channel load and CBR increase with the traffic density.
However, lower increases are observed with the dynamic
policy. In particular, an increase in the traffic density
augments the CBR experienced by the dynamic policy by a
factor of 1.6, whereas it increases by factors of 2.1 (2Hz) and
1.9 (10Hz) for the periodic policies. Thisis again due to the
same trend observed in Figure 2. When the traffic density
increases, the speed of vehicles decreases and vehicles change
their absolute position by more than 4m less frequently. Asa
result, vehicles generate less CPM messages, and the CBR
degradation with the traffic density is lower for the dynamic
policy than the periodic ones.

TABLE IV. AVERAGE CBR (CHANNEL BUSY RATIO)

Policy Traffic density CBR

o Low 5.6 %
Periodic at 2Hz High 11.9 %
T Low 25.6 %
Periodic at 10Hz High 49.6 %
Dynamic Low 7o
'yn High 31.7%

The channel load or CBR has animpact on the PDR (Packet
Delivery Ratio). The PDR is defined as the probability of



successfully receiving a CPM as a function of the distance
between the transmitting and receiving vehicles. Figure 3
plots the PDR of the periodic and dynamic CPM generation
policies under the two traffic densities. The degradation of the
PDR with the distance is due to the radio propagation effects.
The PDR can aso be degraded due to packet collisions or
interference when the channel load is high. This effect is
highlighted in Figure 3 where the arrows indicate the
degradation of the PDR as a result of an increase of channel
load and packet collisions when the traffic density increases.
TablelV aready showed how the channel 1oad increases with
the traffic density. The resulting PDR degradation observed
in Figure 3 is hence a consequence of the trends observed in
Table V. Following these trends, Figure 3 shows that the
periodic policy operating at 2Hz achieves the highest PDR
and the policy at 10Hz the lowest one. Figure 3 also highlights
that the dynamic policy achieves a balance between the two
periodic policies. However, it is yet to be seen whether the
dynamic policy could improve the network performance and
increase the PDR by avoiding the transmission of certain
CPM messages without degrading the perception capabilities
of vehicles.
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C. Perception capabilities

This section analyzes the perception capabilities of
vehicles as a result of the different CPM generation policies.
To this aim, we define the Object Awareness Ratio as the
probability to detect an object (vehicle in this study) through
the reception of a CPM with itsinformation in atime window
of one second. We consider that an object is successfully
detected by a vehicle if it receives at least one CPM with
information about that object per second. Figure 4 depicts the
average Object Awareness Ratio as a function of the distance
between the detected object and the vehicle receiving the
CPM. The results are shown for the periodic and dynamic
policies and the two traffic densities. The results obtained
show that al policies achieve a high object awareness ratio
(higher than 0.989) up to 350m. Beyond 350m, the awareness
ratio degrades under higher densities for the dynamic policy
and the periodic policy at 10Hz as a result of the higher CBR
(TablelV) and lower PDR levels (Figure 3). On the other hand,
Figure 4 shows that from 350m a higher degradation of the
awareness ratio is observed for the periodic policy at 2Hz
under low traffic densities. Thisis due to the fact that at such
distances the propagation effect becomes dominant when the
traffic density is low (there are less packet collisions). All
CPM generation policies experience the same degradation due
to the propagation sinceit isnot dependent on the channel load.

However, propagation loses affect more negatively the Object
Awareness Ratio for the periodic policy a 2Hz since this
policy transmits less CPMs.

The vaue of collective perception or cooperative sensing
depends on how timely or fresh is the information received
about the detected objects. A vehicle cannot base its driving
decision on outdated information. Figure 5 plots the time
difference between received CPM s with information about the
same object or vehicle. The metric (referred to as the time
between object updates) is represented as a function of the
distance between the object and the vehicle receiving the
CPMs for the low traffic density scenario. It is important to
emphasize that the CPMs including information about the
same object or vehicle might be transmitted by different or
multiple vehicles. Figure 5 shows that all CPM generation
policies provide object updates below 0.1s up to 200m
approximately. This time value is reduced to 0.03s with the
dynamic policy that can provide updates nearly as frequently
as the periodic policy at 10Hz while better controlling the
channel load (Table IV) and improving the communications
performance (Figure 3). This is important to ensure the
stability and scalability of the vehicular network that supports
the implementation of collective perception. Similar trends
have been observed under high traffic densities, but with even
lower average time between object updates. The obtained
results show that in general all CPM generation rules provide
very frequent updates about detected objects. However, we
have seen in Table IV and Figure 3 that the CPM generation
policies can generate non-negligible channel load levels that
can degrade the communi cations performance and impact the
network’s scalability. It is hence necessary to evaluate whether
the current CPM generation policies generate unnecessary
redundancy about the detected objects.
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Figure 6 illustrates the number of updates received per
second about the same object through the reception of CPMs.
This metric is referred to as detected object redundancy and
is depicted in Figure 6 as a function of the distance between
the object and the vehicle receiving the CPM. The degradation
observed in Figure 6 with the distance is a direct consequence
of the PDR degradation reported in Figure 3. Figure 6 shows
that the periodic policy at 10Hz provides around 51 updates
per second of the same object at short distances. The dynamic
policy can reduce this value to around 30 updates per second
and object without degrading the Object Awareness Ratio
(Figure 4). In addition, the dynamic policy can reduce the
channel load (Table IV) and improve the communications
performance (Figure 3). Despite the gains observed with the
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dynamic policy, it is yet an open issue whether the till high
redundancy levels observed in Figure 6 are necessary for a
safe connected and automated driving or not. The dynamic
policy could be modified to further decrease the redundancy
and increase the robustness and scalability of the vehicular
network as it is a key component to achieve the expected
benefits of connected and automated driving.
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VI1l. CONCLUSIONS

Collective perception or cooperative sensing can provide
significant benefitsto a safer connected and automated driving
by improving the vehicles’ perception of the environment
through the exchange of sensor information. ETSI is now
defining the standards to implement collective perception
based on the exchange of information about the detected
objects. This paper provides an in-depth evaluation of the
operation, communications performance and perception
capabilities of the different message generation rules under
discussion. These rules define which objects should be
transmitted in a CPM, and how often they should be
transmitted. The obtained results show the existing trade-off
between perception capabilities and communications
performance (and network scalability). The conducted
analysis has shown that the CPM generation policies that
improve the perception capabilities generate higher channel
load levels and hence have a higher risk to saturate the
communications channel and render the network unstable.
While some redundancy could benefit the detection of nearby
objects, unnecessary redundancy could severely impact the
performance of vehicular networks. The dynamic policy
achieves an interesting balance between perception
capabilities and communications performance. However, it is
yet an open discussion whether the observed levels of
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redundancy are necessary or whether they could be further
optimized to reduce any potential negative impact of the
implementation of CPM in the stability and scalability of
future V2X networks. These networks are fundamental to
support connected and automated driving services.
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ABSTRACT Automated vehicles make use of multiple sensors to detect their surroundings. Sensors have
significantly improved over the years but still face challenges due to the presence of obstacles or adverse
weather conditions, among others. Cooperative or collective perception has been proposed to help mitigate
these challenges through the exchange of sensor data among vehicles using V2X (Vehicle-to-Everything)
communications. Recent studies have shown that cooperative perception can complement on-board sensors
and increase the vehicle’s awareness beyond its sensors field of view. However, cooperative perception
significantly increases the amount of information exchanged by vehicles which can degrade the V2X
communication performance and ultimately the effectiveness of cooperative perception. In this context,
this study conducts first a dimensioning analysis to evaluate the impact of the sensors’ characteristics and
the market penetration rate on the operation and performance of cooperative perception. The study then
investigates the impact of congestion control on cooperative perception using the Decentralized Congestion
Control (DCC) framework defined by ETSI. The study demonstrates that congestion control can negatively
impact the perception and latency of cooperative perception if not adequately configured. In this context,
this study demonstrates for the first time that the combination of congestion control functions at the
Access and Facilities layers can improve the perception achieved with cooperative perception and ensure
a timely transmission of the information. The results obtained demonstrate the importance of an adequate
configuration of DCC for the development of connected and automated vehicles.

INDEX TERMS Cooperative perception, collective perception, cooperative sensing, message generation,
CPM, connected automated vehicles, CAYV, automated vehicles, autonomous vehicles, V2X, vehicular

networks, C-ITS, ITS-GS, congestion control, DCC, ETSIL.

I. INTRODUCTION

Automated vehicles use embedded sensors to drive
autonomously with low or no human intervention. To this
aim, the vehicle’s planning system uses perception and
localization data to determine the travel path and driving
actions (e.g. lane changes, acceleration or braking) that are
executed by the vehicle’s control platform. For perception and
localization, automated vehicles equip multiple exteroceptive
sensors (e.g. lidars, radars and cameras) that locally perceive
the driving environment [1]. This environment includes static
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elements (e.g. road shape and curvature, lane marks and trees)
and dynamic ones (e.g. other vehicles, bicycles, pedestrians).
Sensors for automated vehicles have significantly improved
their perception range and detection accuracy over the last
years [2]. However, the capabilities of these sensors can still
be impaired due to the presence of obstacles, adverse weather
conditions, or sensitivity to lighting conditions among other
factors [3]. These limitations can negatively influence the
safety and efficiency of automated vehicles. V2X (Vehicle-
to-Everything) communications can reduce this negative
impact and improve the perception or sensing capabilities of
Connected and Automated Vehicles (CAVs) by facilitating
the exchange of sensor data among vehicles. This process

197665



IEEE Access

G. Thandavarayan et al.: Cooperative Perception for CAVs: Evaluation and Impact of Congestion Control

v
Camera‘ > — < < Radio Unit |¢—
Lidar » Detection S—— Cooperative Congestion
Radar » & Fusion Perception Control - >
Sonar ” ”

Automated driving functions

Autonomous ITS
Control Applications

FIGURE 1. Basic architecture of cooperative perception.

is generally referred to as cooperative perception, collective
perception or cooperative sensing [4], [5]. Figure 1 depicts the
basic architecture for cooperative perception [6]. On-board
sensors locally perceive the environment and perform the
necessary processing, fusion and detection tasks to support
the automated driving functions. The information gathered
by the sensors is also used as an input for the cooperative
perception component. This component selects the informa-
tion to be exchanged among vehicles. For example, it decides
which detected objects should be included in a cooperative
perception message and how often these messages should
be transmitted. Congestion control protocols may adapt the
rate at which cooperative perception messages are generated
and transmitted to control the communications channel load.
It should be noted that the received cooperative perception
messages are fused with the information obtained from the
on-board sensors to improve and extend the vehicles’ percep-
tion of the driving environment.

Cooperative perception enables vehicles to exchange their
sensors’ data. This provides vehicles with additional sensor
data about the driving environment, including data beyond
their on-board sensors’ field of view (FoV). Cooperative or
collective perception can also help improve the vehicles’
sensor detection accuracy and increase the confidence about
the detected objects. This is the case because vehicles can
correlate and compare the information from their on-board
sensors with sensor information gathered from nearby vehi-
cles using V2X communications. Cooperative perception also
helps mitigating the negative impact of adverse weather con-
ditions or the negative effect of lighting conditions on the
sensitivity.

Cooperative perception relies on V2X communications
for vehicles to exchange sensor data. The development of
V2X communications was initially focused on the so-called
Day One Services [7]. These services include, among others,
a basic cooperative awareness service where vehicles regu-
larly broadcast their position, speed and basic status infor-
mation through CAMs (Cooperative Awareness Messages)
based on ETSI (European Telecommunications Standards
Institute) standards [8] or BSMs (Basic Safety Messages)
based on SAE (Society of Automotive Engineers) stan-
dards [9]. This basic cooperative awareness service improves
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the awareness of vehicles, but the information exchanged is
limited and does not exploit the rich sensor data gathered by
CAVs. ETSI [4] and SAE [5] have then recently launched
activities to define new V2X standards to implement collec-
tive or cooperative perception for CAVs to exchange sensor
data. ETSI has recently finalized a Technical Report to define
the so-called Collective Perception Service (CPS). This ser-
vice includes the definition of the Collective Perception Mes-
sage (CPM) format and the generation rules to decide when
a new CPM should be generated and what information it
should include. These efforts highlight the industrial inter-
est and potential of V2X communications to support the
development and deployment of connected and automated
vehicles. However, the work is still at its early stages, and
has initially focused on drafting a framework to develop
cooperative perception and define first CPM messages and
generation rules. It is then necessary to better understand the
operation of cooperative perception and optimize the related
V2X communication protocols to maximize the effective-
ness of cooperative perception while ensuring the network’s
scalability. This is important since exchanging sensor data
significantly increases the communication channel load.
This study goes beyond the state-of-the-art and presents
a dimensioning study that analyzes the performance and
effectiveness of cooperative perception using V2X commu-
nications. The study first shows how cooperative perception
mitigates the perception limitations of on-board sensors. The
study then analyzes the impact of the market penetration
rate and different sensor configurations on the operation and
performance of cooperative perception. This analysis shows
that cooperative perception can significantly increase the
communication channel load and activate the operation of
congestion control protocols. The study investigates then the
impact of these protocols on the performance and operation of
cooperative perception. The study is based on ETSI’s Decen-
tralized Congestion Control (DCC), one of the most impor-
tant congestion control frameworks to date that operates
across multiple layers of the V2X communication protocol
stack. The study demonstrates that using congestion control
protocols only at the Access layer augments the latency (or
information age) of cooperative perception messages. This
negatively impacts connected automated driving that requires
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low latency for a safe driving. This study demonstrates then
for the first time that this challenge can be addressed through
the combination of congestion control functions at the Access
and Facilities layers. This combination increases the percep-
tion and reduces the latency through the dynamic adaptation
of the rate at which cooperative messages are generated and
transmitted.

Il. STATE OF THE ART
Perception of automated vehicles has advanced significantly
over the past years [2], [10], [11]. However, there are still
relevant perception challenges that need to be solved [3], [11].
For example, the detection accuracy under poor weather and
lighting conditions must be improved to reduce uncertainty.
This is particularly the case of lidars and cameras. Lidar
sensing can be restricted by high refraction and reflection
caused by dense fog, smoke and rain [3]. Also, high sun
angles may increase the noise level in lidar pulses which
will affect the perception. In addition, their detection range
depends on the reflectivity of the objects that are reached by
the laser beams [2]. Cameras are very good for classifying
objects and provide additional information about the envi-
ronment (color, texture, etc.) [3]. However, cameras also see
their performance degrade under adverse weather conditions
and are very sensitive to lighting conditions. In addition, they
require intensive and diverse training data for their Al-based
image processing [10]. Moreover, velocity and distance infor-
mation to detected objects cannot be directly measured with
cameras but must be calculated [3]. Radars perform better
than lidars and cameras in poor weather conditions (rain,
snow, fog, etc.) [3], and some radars can detect objects at
250 m distance [12]. However, they provide lower resolution
than lidars, and their field of view is limited [3]. In fact, the
range and speed resolution of a radar is determined by its
bandwidth. Products available on the market provide accura-
cies of 10 cm up to 1% to 5% of the distance to the object [12].
Radars also suffer from multipath fading, which reduces the
accuracy of the detected objects [3]. The perception of auto-
mated vehicles also needs to be improved in complex urban
environments. In particular, it is necessary to improve the
accuracy, certainty and reliability of the sensors’ perception.
This is especially the case due to the presence of occluding
objects (e.g. other vehicles or buildings) that can limit the
sensor’s range [11]. Lidar, radar and cameras can only work
under Line-of-Sight (LOS) conditions. All these challenges
and constraints limit the perception capabilities of automated
vehicles that exclusively rely on their on-board sensors. This
can in turn impact their safety and driving efficiency.
Cooperative perception has been proposed to improve
the perception capabilities of CAVs. Cooperative percep-
tion makes use of V2X communications so that vehicles
can exchange sensed data. Most of the studies conducted
to date consider that vehicles exchange information about
the detected objects (e.g. their position, speed and size).
Recent studies have analyzed what information should be
exchanged about detected objects in cooperative perception.
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Giinther et al. propose in [13] to include in cooperative per-
ception messages not only basic information about detected
objects (e.g. their speed and position) but also information
about the on-board sensors and the characteristics of the
transmitting vehicle. This allows the receiving vehicles to
understand the capabilities of the transmitting vehicles and
better identify free-space and unknown areas. The authors
show in [13] that their proposal allows earlier detection of
possible obstructions and hence augment the driver’s reaction
time in the presence of a potential safety risk. The proposal
from [13] was evaluated in [14]. This study compares the
perception achieved when the information about the detected
objects is attached to existing CAMs or is transmitted in
separate messages that are transmitted following the CAM
generation rules. Authors of [15] propose a message format
to decrease the transmitted information without affecting
the accuracy of the perception system. The proposed format
includes information about the correlation and higher order
derivatives (e.g. the acceleration or yaw rate) of the detected
objects, and this information is transmitted less frequently.
The work in [16] proposes and evaluates different content
control schemes for cooperative perception. The study con-
cludes that cooperative perception should prioritize the trans-
mission of content related to objects that are located farther
away from the transmitting vehicle but near the edge of
its on-board sensor range in order to optimize the tracking
error. The authors show that coupling this proposal with a
multiplicative decrease and additive increase transmit rate
control can also control the communication channel load and
improve the channel utilization.

Controlling the channel load is critical for the performance
of V2X communications and hence for the effectiveness of
cooperative perception. Recent studies have then focused
on optimizing the exchange of information about detected
objects in cooperative perception. For example, the work
in [17] proposes the concept of value-anticipating networking
so that an object is included in a cooperative perception
message and transmitted only if the transmitter estimates that
it could have value for potential receivers. This approach
reduces the transmission rate of less valuable information
and can help control the channel load in congested scenarios.
The challenge is to obtain an accurate estimation of the
value of the information. This challenge has been partially
addressed in a recent study by the same authors in [18]
where they propose the use of deep reinforcement learning to
select the data to transmit. A similar concept was proposed
in [19] where authors present a method for each vehicle
to dynamically adapt the message transmission rate taking
into account the area covered with their sensors and that
is not covered by nearby vehicles. In [20], authors evaluate
the impact of congestion control on cooperative perception.
To this aim, authors consider the Reactive approach that is
part of ETSI’s DCC framework at the Access layer, and
evaluate the impact of considering different DCC Profiles (or
DPs) for the collective perception messages. This study was
one of the first to consider the impact of congestion control.
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The authors demonstrate that congestion control does impact
the performance and operation of cooperative perception, and
should hence be carefully designed. This should include the
congestion control functions at the Access layer that were the
focus of the study in [20]. However, it should also consider
those functions that control and adapt the generation rate
of cooperative perception messages, since the message rate
has a notable impact on the communication channel load.
The same authors recently proposed in [21] message gener-
ation rules for cooperative perception based on the dynam-
ics of vehicles. These generation rules decide when a new
cooperative perception message should be created and what
should be its content. The message generation rules proposed
in [21] have been adopted within the ETSI Technical Report!
for collective perception [4]. These generation rules were
evaluated in detail in [22] where authors found that they
can frequently generate messages with a small number of
objects. This increases the channel load since packets with
a small payload create a relatively high overhead due to
the message headers. The study also found that the ETSI
generation rules for cooperative perception can significantly
increase the number of updates received per second about
the same object. It is unclear whether this really benefits
perception while it significantly increases the communication
channel load. Similar conclusions were reached by authors
of [23], [24] and [25] that also argue for the need to control the
information exchanged with cooperative perception in order
to avoid exceeding the communication channel capacity.
Existing studies demonstrate the industrial interest and
potential of cooperative perception to improve connected
automated driving. However, a more comprehensive under-
standing of cooperative perception is necessary for its correct
dimensioning and configuration. This is exactly the objec-
tive of this study that first looks into the impact of the
type of sensors and market penetration rate on cooperative
perception. This study analyzes then in detail the impact
that V2X congestion control has on cooperative perception.
This is important since congestion control protocols mod-
ify the transmission of messages, and this can significantly
impact the effectiveness of cooperative perception. The study
demonstrates for the first time how a careful combination of
congestion control functions at different layers of the protocol
stack can improve the performance of cooperative perception.

Ill. COLLECTIVE PERCEPTION SERVICE

ETSI has recently approved the Technical Report [4] that
proposes the Collective® Perception Service (CPS) and that
will serve as a baseline for the Technical Specification TS
103 324. The following subsections describe the current

I This Technical Report has been recently approved and will be used as a
starting point for the ETSI Technical Specification of collective perception.

2ETSI generally refers to cooperative perception as collective perception.
‘We will then maintain the term collective perception in this section and when
referring to ETSI content or discussions.
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Collective Perception Message (CPM) format and the CPM
generation rules defined in [4] and that are used in this study.

A. COLLECTIVE PERCEPTION MESSAGE

The CPM is a broadcast message that includes an ITS (Intel-
ligent Transport System) PDU (Protocol Data Unit) header
and 5 types of containers: a Management Container (MC),
a Station Data Container (SDC), a Sensor Information Con-
tainer (SIC), a Perceived Object Containers (POC) and a
Free Space Addendum Container (FSAC). It also contains a
data element that specifies the current number of perceived
objects. This number does not necessarily match with the
number of objects included in the CPM because all objects are
not included in all CPMs, as explained in the next subsection.
The main containers and data elements are next described.

1) ITS PDU HEADER

The ITS PDU header was specified in [26] and includes data
elements such as the protocol version, the message ID and the
station ID.

2) MANAGEMENT CONTAINER

The MC is mandatory in the CPM and contains basic infor-
mation about the transmitter, including its type (e.g. vehicle
or RSU) and position. The MC also includes an optional
container to inform about whether the data of a CPM has
been split up into multiple messages due to message size
constraints.

3) STATION DATA CONTAINER

The SDC is optional and includes additional information
about the originating vehicle or RSU. The SDC can include
the Originating Vehicle Container (OVC) or the Originating
RSU Container (ORC) depending on whether a vehicle or
RSU generates and transmits the CPM. The OVC describes
the vehicle data elements, such as the heading, speed and
angle, and its size. The ORC includes information such as
the Intersection Reference ID or Road Segment ID. This
information is useful for the receiver to match the received
objects to the defined intersection or road segment.

4) SENSOR INFORMATION CONTAINER

The SIC is optional and describes the sensing capabilities of
the transmitter. The SIC is used by the receiver to derive the
areas that are currently sensed by the transmitter. For each
sensor, the SIC includes data elements such as the sensor ID,
sensor type (e.g. radar, lidar or a sensor fusion system) and
its detection area. The SIC can optionally specify for each
sensor its Free Space Confidence, which is the isotropic free
space confidence that can be assumed for its entire detection
area. When sensor fusion is not used, the SIC includes the
capabilities of each of the on-board sensors; the CPM can
report about up to 128 sensors. When using sensor fusion,
all the sensors capabilities are combined and reported in the
SIC as a single sensor.
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5) PERCEIVED OBJECT CONTAINER

The POC is set optional and describes the dynamic state
and properties of the detected objects. The POC contains
information about up to 128 detected objects. For each object,
the following data elements are included in the POC: (1)
the object ID that identifies the object and can be used for
tracking purposes; (2) the Time of Measurement that provides
the time difference between the message generation time and
the object measurement time>; (3) the IDs of the sensors that
have detected the object; (4) the position, speed, acceleration
and size of the object (among other fields); (5) the confidence
associated to the object; (6) and its classification (vehicle,
person, animal, other). These and other data elements provide
a detailed description of the detected object and enable the
receiver to coordinate and track the detected object in a
three-dimensional space.

6) FREE SPACE ADDENDUM CONTAINER

The FSAC is optional and describes the free space areas
within the sensor detection areas. In addition, it includes their
associated confidence levels. This information can be used by
the receiver to better estimate the free space areas around the
transmitting vehicle.

B. CPM GENERATION RULES

The CPM generation rules define how often a vehicle should
generate a CPM and what information should be included
in each CPM. A vehicle should check every T_GenCpm if
a new CPM should be generated. 7_GenCpm should be set
between 100 ms and 1000 ms. It is important to highlight that
the DCC can adapt T_GenCpm based on the channel load as
we will describe in detail in the next section. A vehicle should
generate a new CPM if it has detected a new vehicle, or if
any previously detected vehicles satisfy any of the following
conditions:

« its absolute position has changed by more than 4m since

the last time its data was included in a CPM;

o its absolute speed has changed by more than 0.5m/s

since the last time its data was included in a CPM;

« its absolute velocity has changed by more than 4° since

the last time its data was included in a CPM,;

o the last time it was included in a CPM was 1 (or

more) seconds ago.

A vehicle includes in a new CPM all new detected vehicles
and those previously detected vehicles that satisfy at least one
of the previous conditions. The CPM generation rules prior-
itize then the transmission of information about the detected
vehicles that are moving faster or have higher acceleration.
These vehicles are included in CPMs more frequently so that
other vehicles can have an accurate and updated knowledge
of the driving environment.

We should note that a vehicle generates a CPM every sec-
ond even if none of the detected vehicles satisfy any of the

3This information is useful to accurately compute the information age for
each object at the receiver.
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previous conditions. In this case, the CPM will not contain
the Perceived Object Container, but only the Management
Container, the Station Data Container, and the Sensor Infor-
mation Containers. In addition, the SIC is only included in a
CPM once per second since the sensor information does not
change.

IV. DECENTRALIZED CONGESTION CONTROL

Cooperative perception relies on the V2X exchange of infor-
mation about detected objects. Its effectiveness depends on
the correct reception of the exchanged V2X messages. The
performance of V2X communications is highly influenced by
the communication channel load since high channel load lev-
els increase the risk of packet collisions. Vehicular networks
integrate congestion control algorithms to control the channel
load and avoid channel congestion [27]. These protocols can
modify the rate or the power at which messages are trans-
mitted and even drop packets. Congestion control algorithms
can then alter the transmission of V2X messages and could
then impact the effectiveness of cooperative perception. This
paper studies this impact in detail using the Decentralized
Congestion Control (DCC) solution defined by ETSI. This
is one of the most complete solutions to control congestion
in vehicular networks since it defines DCC components and
functions at all relevant layers of the protocol stack.

A. ITS COMMUNICATIONS ARCHITECTURE

DCC is implemented over the ITS Communications Archi-
tecture defined by ETSI [28] and illustrated in Figure 2.
This architecture follows the principles of the OSI (Open
System Interconnection) model and is divided in different
layers. The Access layer covers the PHY (Physical) and MAC
(Medium Access Control) layers of the protocol stack. It con-
trols the access to the radio channel and enables the wireless
transmission and reception of information. The Transport &
Network layer is used to multiplex messages from different
services and route them from source to destination nodes. The
Facilities layer includes components and services, such as the
Collective Perception Service, that are used to support V2X
applications. Applications are implemented on the top and
are abstracted from the underlying protocols. The transversal

Applications

Facilities
DCC_FAC
Transport & Network
DCC_NET

Access

DCC_ACC

FIGURE 2. ETSI ITS Communications Architecture with DCC components.

Security

Management
DCC_CROSS
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Management layer is in charge of the management of the
communications and the protocol stack. The Security layer
provides the necessary security services, such as privacy or
encryption.

CPMs are generated by the Collective Perception Service
at the Facilities layer and sent down to the lower layers for
their transmission. At the Transport & Network layer, CPMs
make use of the BTP (Basic Transport Protocol) that mul-
tiplexes messages from different applications/services. In the
same layer, the GeoNetworking protocol configures the trans-
mission of the CPM in broadcast mode to all 1-hop neigh-
boring nodes. At the Access layer, CPMs can be transmitted
using the ITS-G5 [29] radio access technology. ITS-GS5
is an adaptation of IEEE 802.11p, which was specifically
designed for vehicular environments. IEEE 802.11p uses
OFDM (Orthogonal Frequency Division Multiplexing) with
a channel bandwidth of 10 MHz. It supports data rates from
3 to 27 Mbps using coding rates of 1/2, 2/3 or 3/4 (convolu-
tional coding) and BPSK (Binary Phase Shift Keying), QPSK
(Quadrature Phase Shift Keying), 16-QAM (16-Quadrature
Amplitude Modulation) or 64-QAM modulations. The basic
radio channel access method of IEEE 802.11p is known
as Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA). In CSMA/CA, a node must sense the radio
channel before transmitting a packet. If the channel is sensed
as idle, the node can start its transmission. If the channel
is sensed as busy, the node defers its transmission until the
end of the current transmission. At the end of the channel
busy period, the node waits for a random backoff time.
This backoff is used to minimize collisions between multiple
nodes that also deferred their transmission since they also
detected the channel as busy. The node decreases the backoff
time when it senses the channel as idle and can start its
transmission when its backoff time reaches zero. To provide
different channel access times to different types of packets,
IEEE 802.11p makes use of EDCA (Enhanced Distributed
Channel Access) that differentiates 4 access categories. Each
category has different channel access parameters (e.g. backoff
times).

B. DCC FRAMEWORK

The generation and transmission of messages using the
ITS Communications Architecture is controlled by DCC.
DCC is a cross-layer function that spans over multiple lay-
ers of the protocol stack. In particular, ETSI has defined
DCC_ACC, DCC_NET, DCC_FAC and DCC_CROSS com-
ponents (see Figure 2). The DCC_ACC [30] component is
in the Access layer and has been the target of most of the
research conducted to date. It operates as a gatekeeper to con-
trol the traffic that is effectively transmitted by each vehicle.
DCC_NET [31] is optional and implemented at the Network-
ing & Transport layer. It enables vehicles to exchange infor-
mation about the channel load they sense so that each vehicle
is aware of the channel load experienced by its one-hop and
two-hop neighbours. The Technical Specification that defines
DCC_FAC [32] is still a draft and has not been approved
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yet. In the current draft, DCC_FAC is defined as optional
and is implemented at the facilities layer when considered.
It controls the number of messages generated by each appli-
cation/service within each vehicle. The control takes into
account the messages’ traffic classes or DCC profiles (DPs).
Thus, DCC_FAC distributes access to the channel among the
different applications/services within each vehicle.
DCC_CROSS [33] defines the necessary management sup-
port functions for DCC and the required interface parameters
between the DCC management entity and the DCC entities
in the Facilities, the Networking & Transport and the Access
layers. For all DCC components, the upper limits of the
maximum transmission duration and minimum time interval
between two consecutive transmissions are defined in ETSI
EN 302 571 [34]. In this study, we analyze the impact of
DCC_ACC and DCC_FAC on cooperative perception since
they contain the main mechanisms that control congestion
and that can affect the V2X communications performance.

C. DCC ACCESS

The DCC_ACC component is located in the Access layer.
It controls the traffic at the Access layer and acts as a gate-
keeper. To this aim, it adapts the amount of time that each
vehicle can access the channel as a function of the channel
load. The channel load used as input for the algorithm can
be the one locally measured by a vehicle or the one provided
by DCC_NET if vehicles share their channel load measure-
ments. ETSI defines in [30] the DCC_ACC component for
ITS-GS. It makes use of Prioritization, Queuing and Flow
Control, as described below.

Prioritization: The packets that are received by the DCC
Access component from the upper layers are first classified
according to their traffic class. The traffic class is defined
by the Facilities layer to provide different priority levels
to different types of messages. Four different traffic classes
are differentiated by DCC Access and mapped to four DCC
profiles (DPs): DP0O, DP1, DP2 and DP3, where DPO has the
highest priority. At the lower layers, these DCC profiles are
mapped to the EDCA access categories of ITS-G5 [35].

Queuing: DCC Access implements 4 different queues, one
for each traffic class or DCC profile. Each queue follows a
first-in-first-out (FIFO) scheduling policy so that the packet
that has been waiting longer in the queue is transmitted first.
The DCC Access queuing mechanism drops those packets
that have been waiting in the queue for a time longer than their
lifetime. When a queue is full, no more packets are accepted.

Flow control: Flow control is applied to de-queue packets
from the DCC queues and send them to the lower layers for
their radio transmission. Packets with higher priorities are
de-queued first. A packet is only de-queued if there is no
packet with a higher priority waiting in its corresponding
queue. As a result, lower priority packets can suffer from
starvation and never be transmitted.

DCC Access defines in [30] two approaches to con-
trol the rate of packets transmitted per vehicle: Reactive
and Adaptive. Both approaches adapt the time between
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consecutive packet transmissions based on the channel load
or CBR (Channel Busy Ratio). The CBR is defined as the
percentage of time that the channel is sensed as busy. These
two approaches are described below.

1) REACTIVE APPROACH

The Reactive approach makes use of a state machine for flow
control. Each state is mapped to a range of CBR values and
to a time Typ. Top is the minimum time interval allowed
between message transmissions for each vehicle and is dif-
ferent for each state. Therefore, T, is the inverse of the
maximum message transmission rate allowed per vehicle in
each state. When the CBR changes, the Reactive approach
switches to the corresponding state, changing the minimum
T, and maximum message rate allowed per vehicle. As a
result, vehicles dynamically adapt their message rate to the
CBR.

The Restrictive state is the state associated with the highest
CBR and the Relaxed state is associated to the lowest one.
A number of intermediate states called Active states can also
be defined. Each state can only be reached by a neighbouring
state. Table 1 shows the mapping of CBR values to states
and T,p reported as Informative Annex in [30]. This table
is derived considering that the packet duration 7, is below
0.5 ms. Other configurations are possible but we have used
the one shown in Table 1 because it is the one adopted by the
C2C-CC (Car-to-Car Communication Consortium) [36].

TABLE 1. Mapping of CBR values to states and T for Ton < 0.5 ms [30].

State CBR Packet rate Tofy
Relaxed <30% 20 Hz 50 ms
Active 1 30% to 39% 10 Hz 100 ms
Active 2 40% to 49% 5Hz 200 ms
Active 3 50% to 65% 4 Hz 250 ms
Restrictive > 65% 1 Hz 1000 ms

2) ADAPTIVE APPROACH

The Adaptive approach uses a linear control process for flow
control. The process is designed so that each vehicle adapts
its packet transmission rate in order for the channel load
to converge to a target value CBRyyrger = 68%. To this
aim, every 200 ms each vehicle adapts the parameter § that
represents the maximum fraction of time that a vehicle is
allowed to transmit. The parameter § is updated based on
the difference between the current CBR sensed and the target
CBR using the following equation:

8 = (1 — a) -6+8yfser (1)
where
sqﬁset =8 (CBRtarget - CBR) )
and
G;ax = 8ofﬁvet = G;ax (3)
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The values of the parameters are defined in [30] as @ = 0.016,
B =0.0012, G;,,, = —0.00025 and G}, = 0.0005.

The protocol computes then the time between packet trans-
missions (T, ) after every transmission. To this aim, it takes
into account the duration of the current packet (7,,) and the
fact that 0.025s < Ty < 1s:

T,
Ty = -2 @)

It is also recommended to update T, when § is updated. Dif-
ferent studies have demonstrated that the Adaptive approach
is able to converge to a stable solution in steady state [37].

D. DCC FACILITIES

DCC Access controls the total amount of messages that a
vehicle can transmit per second. DCC at the Facilities layer
(DCC_FAC) controls the number of messages that each appli-
cation/service can generate [32] to satisfy the DCC Access
limit imposed to each vehicle. To this aim, the DCC_FAC
makes use of the DCC Access limit, the message size and the
message interval from each application/service. The current
ETSI draft that defines the DCC_FAC component calculates
the minimum interval Ty uin; for each application/service
with index j and traffic class with index i. Based on this
minimum interval, each vehicle proportionally distributes
the channel resources to each application/service and traf-
fic class. Distributing the channel resources with ITS-GS5 is
equivalent to distributing the channel access time. To perform
this distribution, each vehicle estimates for each applica-
tion/service j and traffic class i, the average message duration
Tony; and the average message interval Ty ; from the latest
messages. The average message duration can be simply cal-
culated as the ratio between the average message size of each
application/service j and traffic class i and the data rate (by
default, the data rate is set to 6 Mbps [35]). Then, the average
channel resources consumed by each application/service can
be estimated as:

T ..
CREj = —"2— 5)

Using equation (5), the total channel resources CR; from
all applications/services of traffic class i can be calculated as:

CR; = Z CRE; (6)
j

The channel resources CBR, that the vehicle can use
depends on the current channel load and the specific DCC
Access algorithm. For the Adaptive approach, CBR, = &,
i.e. the maximum fraction of time that a vehicle is allowed
to transmit. However, for the Reactive approach, CBR, =
1/T,s,1.e. the maximum number of messages that the vehicle
can transmit per second. CBR, is used by DCC Facilities as
an input to distribute the available channel resources among
the different traffic classes. The traffic class with the highest
priority is TCp, so the available channel resources for this
traffic class ACRy is set equal to CBR,. If traffic class TCy
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does not consume all the available channel resources for the
vehicle, the remaining resources are assigned to the next
traffic class. As a result, ACR; for traffic class i is calculated
as:

ACR; = max(0, ACR;—1 — CR;_1) @)

Equation (7) can be applied to both Reactive and Adaptive
approaches at the DCC Access, but ACR; represents a fraction
of time for Adaptive and a message rate for Reactive since
they use a different CBR,,.

DCC Facilities then identifies the channel resources ACR;;
that each application/service j belonging to the same traffic
class i can use. To this aim, it takes into account the average
channel resources consumed by each application/service cal-
culated with equation (5):

CRE;
ACRjj = —= X ACR; 8)
CR;

For the Adaptive approach, the minimum interval Ty min ij
for each application/service with index j and traffic class with
index i can be then calculated as follows:

1 — ACR;

ACR;;

For the Reactive approach, ACR;; is a message rate and the
minimum interval Ty minj can be directly computed as*:

1
Toff minij = ACR. (10)
ij

&)

Toﬁ‘minij = Tonij X

Ty minij 1s then used to adapt the minimum time interval
between message generations of each application/service.
To this aim, the time interval used to check the message
generation rules of each application/service (e.g. T_GenCpm
for CPMs or T_GenCam for CAMs) is set equal to its cor-
responding Tof minjj. As a result, the time interval between
consecutive messages of each application/service is dynam-
ically adapted to satisfy the DCC Access limits imposed to
each vehicle.

We now illustrate the operation of DCC Facilities with an
example in a scenario where vehicles transmit CAMs and
CPMs with the same DCC profile. The average message size
at the facilities layer is 200 Bytes for CAMs and 300 Bytes
for CPMs, including the ITS PDU header and the payload
at the Facilities layer. Additionally, 80 Bytes of headers are
added by the corresponding protocols: 4 Bytes are added by
the Basic Transport Protocol (BTP) [38], 40 Bytes by the
GeoNetworking protocol [31], [39], 30 Bytes by the Medium
Access Control (MAC) and 6 Bytes by the PHY layer of
IEEE 802.11p [29]. The average message interval is 0.2 s for
CAMs and 0.1 s for CPMs. Let’s assume that DCC Facilities
is combined with the Adaptive approach at DCC Access
and that the total available channel resources per vehicle is
CBR, = § = 0.005. In this case, each vehicle can use 0.5%

4 This is currently not specified in the current draft of ETSI TS 103 141 but
it is a change needed to combine the DCC Facilities algorithm with the
Reactive approach at DCC Access.
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of the channel access time when using IEEE 802.11p or ITS-
G5. We consider that vehicles transmit at a data rate of 6
Mbps. The average channel resources consumed by CAM
and CPM messages can be estimated using equation (5) and
are equal to CREcayy = 0.0019 and CREcpy = 0.05
respectively. We can then compute the total consumption of
channel resources CR using equation (6): CR = 0.0069. Using
equation (8), we can estimate the available channel resources
for CAM (ACRcamy = 0.0013) and CPM (ACRcpy =
0.0037) messages. Finally, the minimum interval can be com-
puted for CAMs as Ty mincam = 0.2763s and for CPMs
as Tof mincpm = 0.1383s following equation (9). We then
adapt the generation rate of CPMs and CAMs at the Facilities
layer so that T_GenCpm = Ty mincpm and T_GenCam =
Toff mincam - A different solution would be obtained in this
example if DCC Facilities was combined with the Reactive
approach at DCC Access. The feedback provided by the
Reactive approach is the maximum number of messages that
the vehicle can transmit per second. Let’s assume in this
example that CBR, = 10Hz. If we follow the same procedure
to compute the minimum interval for CAMs and CPMs using
equation (10) instead of (9), we obtain Ty min cam = 0.3706s
and Tof min cpm = 0.137s.

V. SCENARIO AND PARAMETERS

This study uses the network simulator ns-3 and the road
mobility simulator SUMO. The ns-3 simulator imple-
ments the ITS-G5 V2X standard based on IEEE 802.11p.
We extended ns-3 with a DCC Access module, a DCC
Facilities module, a CPS component and different on-board
sensors. The DCC Access module used in this study is
described in [40] and publicly available. The CPS component
implements the ETSI CPM generation rules defined in [4]
and described in Section III. By default, all vehicles in the
scenario are equipped with an ITS-GS5 transceiver except
when we analyze the impact of the Market Penetration Rate
(MPR) on the effectiveness of cooperative perception. Vehi-
cles transmit CAMs and CPMs. The CAM size is set equal
to 350 bytes [41] and CAMs are generated following [8].
By default, the 7_GenCpm parameter has been set to 0.1 s so
the maximum CPM rate is 10 Hz. The CPM size is dynam-
ically computed by the transmitting vehicle based on the
number of containers in each CPM, the size of the containers
reported in Table 2 and the number of objects included in a
CPM.’ Vehicles transmit messages using the 6 Mbps data rate
(i.e. QPSK modulation with 1/2 code rate) and always use the
same channel. The transmission power is set to 23 dBm and
the packet sensing threshold to —85 dBm. Radio propagation
is modeled using the Winner+ B1 propagation model follow-
ing the 3GPP V2X guidelines [42]. This model was used for
the simulation studies conducted during the V2X standard-
ization process of the 3GPP. Other propagation models could
have been used (e.g. [43]) but similar conclusions would

SThe Free Space Addendum Container is optional and has not been
considered in this study.
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TABLE 2. CPM containers.

CPM Container Size

ITS PDU header
+ Management Container
+ Station Data Container

121 Bytes

Sensor Information Container 35 Bytes per sensor

Perceived Object Container 35 Bytes per object

TABLE 3. Communication parameters.

Values
Transmission power 23 dBm

Antenna gain (tx and rx) 0 dBi

Channel bandwidth/carrier freq. 10 MHz / 5.9 GHz
Noise figure 9dB

-85 dBm

6 Mbps (QPSK 12)

Parameter

Energy detection threshold
Data rate

be obtained since our study is comparative in nature and
a different model would affect similarly all configurations
being tested.

Table 3 summarizes the main communication parameters.
Unless specified, DCC is not enabled by default. When
enabled, DCC Reactive and Adaptive are analyzed at the
Access layer. We consider a queue length of 2 following [44]
and different DCC profiles for the CPM since the standards
have not specified them yet. The DCC profile for CPMs is
set to DP2 or DP3 and the DCC profile of the CAM is set
to DP2 following [45]. The DCC profile has an impact on
the priority of the packets at the access layer. We have also
implemented the current DCC Facilities defined by ETSI®
and described in Section I'V.

We implement three different sensor configurations shown
in Table 4. In the forward sensors configuration, vehicles
are equipped with two forward facing sensors following [4].
The 360° sensor configuration considers a single circular
shape sensor with 360° field of view following [4]. The Tesla
sensors configuration follows [46] and equips vehicles with
seven sensors. In all sensor configurations, we assume that
the sensors can detect only the vehicles that are in their line-
of-sight. To this aim, we implemented in ns-3 a 2D sensor
shadowing effect in the X'Y-plane that considers the occlusion
caused by nearby vehicles. By default, this study assumes that
the information about objects detected by multiple sensors is
fused.

We consider a highway scenario with 5 km length and
two driving directions. We simulated three traffic densities:
low, medium and high as presented in Table 5. The low and
medium traffic densities follow the 3GPP guidelines for V2X
simulations [42] considering 6 lanes (3 in each direction) and
a different speed per lane following statistics of a typical

6 This implementation could be subject to modification since the standard
has not been finalized yet.
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TABLE 4. Sensor configurations.

Sensor  Specification Range (m) FOV (°)
Mid-range radar 65 +40
Forward
Long-range radar 150 +5
360° Circular radar 150 360
Narrow forward camera 250 +15
Radar 160 +15
Main forward camera 150 +22
Tesla Forward side cameras 80 +25-115
Wide forward camera 60 +60
Rear view camera 50 +115-180
Rearward side cameras 100 +150-180

TABLE 5. Traffic scenarios.

Traffic density scenarios

Parameter
Low Medium High
Number of lanes 6 6 8
Vehicles per km 60veh/km 120veh/km 240veh/km
140km/h 70km/h
Speed per lane 132km/h 66km/h f :011(1r111/2
118km/h 59km/h orall fanes

3-lane US highway [47]. The high traffic density considers
8 lanes (4 in each direction) and a maximum speed of 50 km/h
[47]. To avoid boundary effects, statistics are only taken from
the vehicles located in the 2 km around the center of the
simulation scenario.

VI. EVALUATION OF COOPERATIVE PERCEPTION

We first evaluate the perception capabilities of different
sensor configurations without using cooperative perception.
In this case, perception is limited by occluding objects.
Figure 3 compares the object perception ratio experienced
with the three sensor configurations under low and high
traffic densities. The object perception ratio is defined as
the probability of successfully detecting an object at a given
distance. Sensors do not correctly detect a vehicle if their line-
of-sight is occluded by other vehicles. Figure 3 shows that
occluding vehicles can significantly degrade the perception

N
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FIGURE 3. Object perception ratio achieved with different sensor
configurations under low and high traffic densities.
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capabilities, and the degradation increases with the distance
and the traffic density. This is the case because both factors
augment the probability that a vehicle blocks the sensors’
line of sight. Figure 3 shows that the perception capabilities
augment with the sensors’ FoV and range. In this case, using
forward sensors alone reduces the object perception ratio
since these sensors cannot detect vehicles in all directions.

Cooperative perception can mitigate the occlusion prob-
lems illustrated in Figure 3 and increase the perception
capabilities of connected automated vehicles. This is shown
in Figure 4 that compares the average object perception ratio
with and without using cooperative perception for the three
different sensor configurations. When using cooperative per-
ception, the metric is defined as the probability to success-
fully detect a vehicle within a time window thanks to the
exchange of CPMs. We consider that a vehicle successfully
detects an object if it receives at least one CPM with infor-
mation about that object during the time window. The time
window was set to 200 ms for the low traffic density scenario
and to 300 ms for the rest of the scenarios. These values
were chosen since they correspond to the time required by the
CPM generation rules for a vehicle to send an update about a
detected object considering the speed of the vehicles in each
scenario. The metric is represented in Figure 4 as a function
of the distance between the detected object and the vehicle
receiving the CPM. Results in Figure 4 were obtained assum-
ing 100% penetration rate of cooperative perception and that
DCC is disabled. This is done so that Figure 4 focuses on
the effect of the sensor configuration on the effectiveness of
cooperative perception. We also assume that the vehicles fuse
the information received from their multiple sensors. In this
case, if multiple sensors detect the same object, the vehicle
will only transmit once the information about the detected
object.

Figure 4 clearly shows that cooperative perception signifi-
cantly increases the perception capabilities of CAVs. In par-
ticular, it increases the distance at which objects can be
detected compared to when only using the on-board sensors.
Figure 4 shows that in these scenarios the sensor configura-
tion does not significantly affect the object perception ratio
when utilizing cooperative perception compared to when not
utilizing it (Figure 3). In fact, the Tesla and 360° sensor
configurations achieve similar perception rates, and the per-
ception with the forward sensor configuration only slightly
degrades at medium to large distances for low traffic densities
(Figure 4a). This is the case because cooperative percep-
tion compensates the perception limitations of sensors. For
example, a vehicle that uses only forward sensors can detect
objects behind when using cooperative perception thanks
to the CPMs received from other vehicles that detect these
objects. We should note that the slight perception degradation
observed in Figure 4 with the forward sensor configuration is
reduced for higher traffic densities. This is the case because at
higher densities more vehicles detect each object and cooper-
ative perception can better compensate the limitations of the
forward sensors.
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FIGURE 4. Object perception ratio under different traffic densities. When
using cooperative perception, the x-axis represents the distance between
the detected object and the vehicle receiving the CPM. When cooperative
perception is not used, the x-axis represents the distance between the
detected object and the vehicle detecting it with its sensors.

Figure 4 also reveals that the object perception ratio sig-
nificantly decreases when the traffic density increases. This
degradation is due to the increase in channel load and inter-
ferences at higher traffic densities. The interferences augment
the packets losses due to packet collisions and degrade the
PDR (Packet Delivery Ratio) as it can be observed in Figure 5.
This figure also shows that the highest PDR under the highest
traffic density is achieved with the forward sensor configu-
ration. This is the case because each vehicle detects a lower
number of vehicles than with the 360° or Tesla configurations
and thus transmits less information. In fact, the sensor con-
figuration can have an important impact on the channel load.
Table 6 shows that the 360° and Tesla sensor configurations
can increase the CBR by around 40% compared with the
forward sensor configuration. Thanks to the lower channel
load generated, the forward sensor configuration is able to
provide higher cooperative perception ratios than the 360°
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FIGURE 5. PDR (Packet Delivery Ratio) under different traffic densities
(low, medium and high) and sensor configurations.

TABLE 6. Average CBR (Channel Busy Ratio).

Traffic Sensor configuration

density Forward 360° Tesla
Low 19.2% 27.6% 27.6%
Medium 31.8% 44.4% 44.4%
High 52.4% 71.3% 71.6%

and Tesla sensor configurations for the high traffic density
scenario (Figure 4c).

Figure 4 has been obtained considering 100% penetration
rate of cooperative perception, i.e. all vehicles in the scenario
are CAVs and transmit CPMs. The effectiveness of coop-
erative perception depends on the number of vehicles that
detect objects and share their information. Figure 6 shows the
impact of the MPR (Market Penetration Rate) of cooperative
perception. The figure shows that the object perception ratio
increases with the MPR for low and medium traffic densities.
However, when the traffic density is high, the perception ratio
decreases for MPRs above 40% (Figure 6c). This degradation
is again due to the significant increase of channel load at
high traffic densities and the consequent increase in packet
loses due to collisions. Figure 6 also shows that the sensor
configuration does have an important effect on the perception
when the MPR is low. In particular, the 360° and Tesla sensor
configurations achieve significantly higher perception ratios
than the forward sensor configuration, especially for low
MPR. This is the case because cooperative perception cannot
compensate well the perception limitations of the forward
sensor configuration when there are few vehicles and not all
vehicles can detect objects and share their information. How-
ever, all the sensor configurations provide similar perception
ratios for MPR above 80%.

Figure 6 has shown that the sensors configuration has a
strong impact on the perception that can be achieved with
cooperative perception when the market penetration is low.
The sensor configuration also has a high impact on the chan-
nel load generated. In fact, the sensor configuration has a
strong impact on the amount of information shared with coop-
erative perception. This is the case because the sensor config-
uration affects the number of objects detected by each vehicle.

VOLUME 8, 2020

N
>

Re]
o9
S
208
[0}
o
8 0.7
5 —o—Forward
2.0.6 ——360
8 Tesla
0.5 ' ' '
20% 40% 60% 80% 100%
Market penetration rate
(a) Low traffic density
1
o Py a =
.“(—G 1/
= 0.9;
c
§e]
208
[} [
o
8_ 0.7
B —o—Forward
% 0.6 F ——360"
Tesla
O
0.5 ' !
20% 40% 60% 80% 100%
Market penetration rate
(b) Medium traffic density
k) . ‘
©
C
RS
a
[0}
2
8 0.7
5 —o—Forward
©0.6 —e—350°
8 Tesla
0.5 ' ' '
20% 40% 60% 80% 100%
Market penetration rate
(c) High traffic density

FIGURE 6. Object perception ratio under different traffic densities for
different market penetration rates and for distances up to 350m.

As a consequence, the sensor configuration influences the
amount of information transmitted by each vehicle. This
changes the number of updates about the same object received
by a vehicle under the observation time window. This number
is referred to as detected object redundancy, and is depicted
in Figure 7 as a function of the distance between the object
and the vehicle receiving the CPM. Figure 7 corresponds to
a 100% MPR.” The figure shows that the 360° and Tesla
sensor configurations generate a significantly higher amount
of redundancy compared to the forward sensor configuration.
Despite the trends observed in Figure 7, all sensor configu-
rations provide a similar object perception ratio up to around
300m for low and medium densities and up to around 200m
for the high density (see Figure 4). This means that the higher
redundancy and number of objects detected by the 360° and
Tesla sensor configurations do not improve the perception

7Different redundancy values are observed with lower MPRs. However,
the trend is maintained, i.e. sensors with wider FoV and larger ranges are
characterized by higher redundancy levels.
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FIGURE 7. Detected object redundancy as a function of the distance

between the detected object and the vehicle receiving the CPM under
different traffic densities.

achieved with cooperative perception. Instead, they signifi-
cantly increase the channel load as shown in Table 6.

Figure 7 also shows an interesting effect produced by
the increase of the traffic density. When the traffic density
increases, more vehicles transmit information about the same
detected object and thus higher redundancy levels would be
expected. However, such increase of the object redundancy
is only produced at short distances. At medium and long
distances, the degradation of the PDR (Figure 5) due to packet
collisions reduces the detected object redundancy for medium
and high traffic densities.

The previous results have been obtained considering that
vehicles implement sensor fusion. In this case, if several
sensors detect the same object, their information is fused and
the object is reported only once in each CPM. If sensor fusion
is not used, an object detected by multiple sensors is reported
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FIGURE 8. CPM size for medium traffic density and the forward and Tesla
sensor configurations. Similar trends have been observed with low and
high traffic densities for both sensor configurations.

multiple times in each CPM. This increases the message size
as shown in Figure 8. This figure compares the CPM size
with and without sensor fusion for the low traffic density
scenario and the forward and Tesla sensor configurations. The
results are presented as a box plot with the bottom and top
edges indicating the 25" and 75" percentiles and the mark
in the middle representing the median. Vertical lines show
the most extreme data points that are not considered outliers.
The results obtained show that the CPM size significantly
increases when sensor fusion is not used, especially for the
Tesla sensor configuration since it has more on-board sensors.
In fact, the generated payload sizes of the Tesla non-fusion
configuration exceed the maximum payload size [39]. In this
case, the CPMs would have to be segmented and this could
increase the risk of delaying the reception of the information
about certain detected objects. Another main concern related
with the increasing message size is that it significantly aug-
ments the channel load and the interference, and degrades
the PDR (Figure 9) without providing additional relevant
information to the receiving vehicles. Reducing the PDR
degrades the effectiveness of cooperative perception since it
reduces the probability to correctly receive CPM messages.
This is actually visible in Figure 10 that depicts the object
perception ratio when using sensor fusion and when not using

—o—Tesla, Fusion
- o -Tesla, Non-Fusion
- m -Forward, Non-Fusion
—&— Forward, Fusion

0 100 200 300 400 500 600
Distance between Tx-Rx (m)

FIGURE 9. PDR (Packet Delivery Ratio) for medium traffic density and the
forward and Tesla sensor configurations. Similar trends have been
observed with low and high traffic densities for both sensor
configurations.
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FIGURE 10. Object perception ratio as a function of the distance between
the detected object and the vehicle receiving the CPM under different
traffic densities (low, medium and high). These results correspond to the
Tesla sensor configuration.

it. The figure clearly shows how the object perception ratio
degrades when sensor fusion is not applied. The degradation
is particularly relevant when the traffic density increases. The
perception degradation observed in Figure 10 when not using
sensor fusion is exclusively due to the degradation of the
PDR (i.e. the V2X communication performance) since each
vehicle can detect exactly the same number of objects when
implementing sensor fusion and when not implementing it.

VII. IMPACT OF CONGESTION CONTROL ON
COOPERATIVE PERCEPTION
The previous results have been obtained disabling the DCC
mechanisms for congestion control. This was done to focus
first on the impact of the sensors and market penetration rate
on the perception and effectiveness of cooperative perception.
The previous analysis has shown that cooperative perception
can increase the channel load quite significantly under certain
scenarios and configurations. Increasing the channel load can
degrade the PDR, and ultimately the performance of V2X
communications and the network scalability. To prevent this,
an increase of the channel load above certain threshold acti-
vates the DCC mechanisms for congestion control. DCC can
alter the performance and operation of collective perception.
This can occur for example if the DCC queues CPM mes-
sages. Queuing would increase the information age and alter
the regular reception of object updates. The DCC could also
drop CPMs when the CPM generation rate is higher than the
maximum transmission rate allowed by DCC Access. This
could also significantly impact the effectiveness of cooper-
ative perception. It is also important highlighting that CPM
messages might have to coexist with other messages in the
same channel. This increases the risk that DCC is activated
and impacts the operation and effectiveness of cooperative
perception. In this context, this section analyses the impact of
DCC on cooperative perception. We focus first on the impact
of DCC at the Access layer and then DCC at the Facilities
layer. These are the two DCC components that mostly affect
the transmission of CPM messages.

The scenario considered in this section is the high traffic
density scenario described in section V, with 240 veh/km,
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a 100% MPR of cooperative perception and the 360° sensor
configuration. We also assume that all vehicles transmit
CAMs and CPMs in the same channel. This scenario is
chosen to make sure DCC is activated and we can then study
its impact on cooperative perception.

A. DCC ACCESS

In the considered scenario, the CBR experienced is equal
to 75% when DCC Access is not applied. The use of DCC
Access can significantly reduce the CBR as shown in Table 7.
These results show that the Reactive approach reduces more
aggressively the channel load and maintains the CBR around
37%. The Adaptive approach is designed to converge to the
target CBR of 68% and this results in higher CBR levels.
Table 7 also shows that nearly the same CBR is achieved
independently of the DCC profiles of the messages.

TABLE 7. Average CBR (Channel Busy Ratio) with DCC Access for the high
traffic density scenario.

DCC Access
DCC profile - -
Reactive Adaptive
Different o o
(CAM=DP2 and CPM=DP3) 36.9% 62.1%
o 37.8% 61.9%

(CAM=CPM=DP2)

One interesting effect that cannot be observed in Table 7 is
the message transmission rate that DCC Access tolerates.
When DCC is not applied, the average rates at which CAMs
and CPMs are generated and transmitted are 3.3 Hz and
9.6 Hz, respectively. When DCC Access is enabled, the mes-
sage transmission rates are reduced due to message dropping
as shown in Table 8. Table 8 shows that the transmission
rates of CAMs and CPMs are lower than the generation
rates when both messages have the same DCC profile. When
they have different DCC profiles, only CPMs are dropped
because CAMs have higher priority.® Table 8 also shows
that the Reactive and Adaptive approaches present nearly the
same message transmission rate despite experiencing a very
different CBR as shown in Table 7. This is the case because
with the Reactive approach vehicles tend to synchronize
with each other. This synchronization results in that vehicles
change their state (and thus their 7, ) nearly at the same time.

8This is the case because CAMs are prioritized since they are the basic
awareness messages for active traffic safety applications.

TABLE 8. Average CAM and CPM transmission rates with DCC Access.

CAM CPM
DCC profile
Reactive Adaptive Reactive Adaptive
Different
(CAM=DP2 and CPM=DP3) 33Hz 33Hz 39Hz 4.0Hz
Same
(CAM=CPM=DP2) 27Hz 21Hz 56Hz 60Hz
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A change to a more relaxed state, immediately allows the
transmission of messages that were waiting in their queues.
As a result, vehicles transmit nearly at the same time [48],
which provokes that the Reactive approach generates a signif-
icant amount of packet collisions. Packet collisions reduce the
channel load (and CBR) because when packets collide they
overlap in time.

DCC Access can reduce the CBR and improve the PDR
at the radio level, i.e. the ratio between the received and
transmitted packets. This is particularly the case with the
Adaptive approach as shown in Figure 11. This figure rep-
resents the PDR at the radio level when CAMs and CPMs are
configured with the same DCC profile. The figure also shows
that the Reactive approach actually degrades the PDR at the
radio level despite reducing the CBR. This is due to the high
probability of packet collisions for the Reactive approach due
to the synchronization problem previously explained. Similar
results are obtained when analyzing the PDR at the radio level
when CAMs and CPMs have different DCC profiles.

—e—No DCC
0.8 ] Adaptive
—o— Reactive

0 100 200 300 400 500 600
Distance between Tx-Rx (m)
FIGURE 11. PDR (Packet Delivery Ratio) at the radio level as a function of

the distance between transmitter and receiver without and with DCC
Access when CAMs and CPMs have the same DCC profile.

To better understand the effect of DCC Access on the
performance of collective perception, Figure 12 plots the
PDR for CPMs at the radio and application levels for Reactive
and Adaptive approaches. At the application level, the PDR
is defined as the ratio between the received and generated
CPMs. Thus, a CPM generated at the Facilities layer but
dropped by DCC Access is considered as a packet lost when
computing the PDR at the application level.® Figure 12 shows
that DCC Access degrades the performance at the application
level due to packet dropping. This degradation is observed for
both Reactive and Adaptive approaches. However, the Reac-
tive approach shows a significantly lower PDR at the appli-
cation level than the Adaptive one due to its lower PDR at
the radio level. The figure also shows that this degradation
produced at the application level due to packet dropping is
particularly relevant when CAMs and CPMs have different
DCC profiles. In this case, CPMs are the only messages
dropped by DCC since they have lower priority than CAMs.

9This packet loss would not be counted in the PDR at the radio level since
the packet was never transmitted.
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FIGURE 12. PDR (Packet Delivery Ratio) for CPMs at the radio and
application levels as a function of the distance between transmitter and
receiver without DCC and with DCC Access when CAMs and CPMs have
the same or different DCC profile.

The PDR at the radio and application levels affect the
object perception ratio. However, the differences observed in
the PDR of Figure 12 are not directly transferred to Figure 13.
Figure 13 depicts the object perception ratio as a function
of the distance between the object and the vehicle receiving
the CPM. Figure 13a shows that the object perception ratio
significantly degrades with the Reactive approach following
the trend observed in Figure 12a where Reactive signifi-
cantly degrades the PDR at the application level. This once
again clearly proves that the Reactive approach degrades the
performance of cooperative perception despite reducing the
channel load. Figure 13b shows the perception achieved with
the Adaptive approach. For distances below 200m, the higher
PDR achieved at the application level without DCC does
not result in a significant improvement of the object per-
ception ratio. This is the case because the object perception
ratio is already close to 1 at distances below 200m when
DCC is applied. Therefore, without DCC the perception ratio
cannot be significantly improved despite its higher PDR at
distances below 200m. However, DCC Adaptive improves
the object perception ratio for distances beyond 200m when
CAMs and CPMs have the same DCC profile. A higher
perception is achieved despite having nearly the same PDR
at the application level than when DCC is not used. This
effect is produced due to the different nature of packet errors
with and without DCC. When DCC is not applied, more
packet collisions are produced due to the higher channel
load. When two (or more) packets collide, more than one
packet can be lost due to such collision. Therefore, when
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FIGURE 13. Object perception ratio as a function of the distance between
the detected object and the vehicle receiving the CPM without DCC and
with DCC Access.

DCC is not applied, consecutive packet loses are produced
with higher probability. This effect is not produced with the
packets dropped by DCC, since one packet drop does not
affect the reception of other packets. Consequently, packet
collisions can increase the time between consecutive object
updates. This effect can be observed in Figure 14 that plots
the time between object updates as a function of the distance
between the detected object and the vehicle receiving the
CPM in bins of 50 m. The time between updates shown
in Figure 14 corresponds to that measured with the Adaptive
approach.!? Results are presented using box plots with the
bottom and top of each box representing the 25th and 75th
percentiles. The median is represented inside each box with
the black horizontal line. The vertical lines plotted above
and below each box represent the 5th and 95th percentiles.
Results in Figure 14 reveal that there is higher variability
in the time between consecutive updates when DCC is not
applied due to the higher probability of consecutive packet
loses due to collisions. For example, the 95th percentile of
the time between updates is around 0.9 s at 300 m without
DCC, and around 0.6 s with DCC when CAM and CPM
have the same profile. However, the variability also increases
with DCC when CAM and CPM have different profiles for
distances higher than 200 m since CPMs have lower priority
than CAMs.

The previous results show that DCC Access has an impact
on the probability of receiving information about an object

10Similar trends are obtained with the Reactive approach, but with higher
times between updates (approximately 2x increase).
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FIGURE 14. Time between object updates as a function of the distance
between the detected object and the vehicle receiving the CPM.
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FIGURE 15. Average information age for CPMs received with and without
DCC Access. The bars represent the average values and the vertical lines
represent the 5t and 95t percentiles.

through CPMs and therefore on the object perception ratio.
However, they do not quantify if the information received
is outdated. This is important because connected automated
driving requires updated data and low transmission latencies.
However, queuing at DCC Access can significantly delay the
transmission of messages. To analyze the impact of DCC
Access on the freshness of the received information, we mea-
sure the information age that is defined as the difference
between the time the CPM is generated and the time the
CPM has been received. Figure 15 represents the informa-
tion age obtained without DCC and with DCC (Reactive
and Adaptive) when CAMs and CPMs are configured with
the same and different DCC profiles. The bars represent
the mean values and the vertical lines correspond to the 51
and 95 percentiles. The distance between the transmitter
and receiver does not have a significant impact because the
propagation delay is negligible. The results obtained show
that DCC significantly increases the information age when
compared with the scenario without DCC. When DCC is not
used, all the generated CPMs are immediately transmitted.
However, with DCC, the generated CPMs must often wait in
the queue before transmission. This waiting time causes the
received information to be outdated by up to 0.4s (Adaptive)
or 0.5s (Reactive) when CAM and CPM have different DCC
profiles. This provokes a tracking error of up to around 5 m
when CAM and CPM have different DCC profiles. This
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is a non-negligible error that can degrade the effectiveness
of cooperative perception when implementing DCC. This is
despite the possibility to achieve a higher object perception
ratio (Figure 13) since detecting more objects is not useful if
the information about the detected objects is outdated or not
sufficiently fresh.

B. DCC FACILITIES

DCC Facilities is optional as defined in the current Tech-
nical Specification draft. However, it can help mitigate the
increase of the information age caused by DCC Access and
improve the perception capabilities as we demonstrate in this
section. DCC Facilities is being designed so that messages
are generated at the Facilities layer at the maximum rate
tolerated by DCC Access. This is done to reduce the queuing
time at the Access layer and limit packet drops. To this aim,
DCC Facilities distributes the resources among the different
services that generate messages with the same DCC profile.
We have therefore considered in this section that both CAMs
and CPMs have the same DCC profile, DP2.

o
~

Il No DCC
[TDCC Access
EIDCC Access + Facilities | |

| ol

No DCC

o
w
:

e
N

Information age (s)
o
N

Reactive Adaptive

FIGURE 16. Average information age for CPMs received when CAMs and
CPMs have the same DCC profile. The bars represent the average values
and the vertical lines represent the 5t and 95th percentiles.

Figure 16 compares the information age obtained without
DCC, with DCC Access only and with the combination of
DCC Access and DCC Facilities. The bars represent the mean
value and the vertical lines show the 5™ and 95" percentiles.
As it can be observed, DCC Access significantly increases the
information age as we previously showed. However, the com-
bination of DCC Access and DCC Facilities significantly
reduces the information age, especially when considering the
Adaptive approach. This improvement is achieved because
DCC Facilities controls the generation following the limits
provided by DCC Access so that messages are not generated
if they are going to be queued. The reduction of the informa-
tion age when DCC Access and DCC Facilities are combined
decreases the tracking error below 1.5 m with the Adaptive
approach. This error was under 2.3 m with DCC Access
(Adaptive) when CAM and CPM have the same profile and
below 0.17 m when DCC is not used. The information age
is not improved when the Reactive approach is used. This
is the case because the channel load variations do not allow
DCC Facilities to accurately track the packet transmission
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rate allowed by the Reactive approach (Table 1) and hence
to reduce the queuing time.

DCC Facilities controls the generation of CPMs based on
the possibility to transmit them at the DCC Access. This
significantly reduces the percentage of CPMs dropped. The
percentage of CPMs dropped with DCC Access only is 41.6%
for Reactive and 37.5% for Adaptive. The combination of
DCC Access and DCC Facilities reduces the CPMs dropped
to 12.8% for Reactive and 8.7% for Adaptive. This effect is
produced because DCC Facilities reduces the packet genera-
tion rate at the Facilities layer following the limits provided
by DCC Access. This reduction is shown in Figure 17 that
shows the PDF of the number of CPMs generated at the
Facilities layer per second per vehicle. The figure also shows
that DCC Access generates the same number of CPMs than
the scenario without DCC (irrespective of whether using the
Reactive or Adaptive approach). This is the case because
DCC Access controls messages at the access layer and does
not modify the way CPMs are generated at the Facilities
layer. When DCC Access is combined with DCC Facilities,
the number of CPMs generated per second is reduced. As a
consequence, each CPM includes information about a larger
number of detected objects. This is the case because the time
interval between CPM generations is longer, and thus more
objects satisfy the conditions to be included in a CPM since
the last time a CPM was generated. This increase of the
number of objects in each CPM with DCC Facilities can be
observed in Figure 18. Despite the variation observed in the
number of CPMs generated per second and the number of
objects contained in each CPM, DCC Facilities is designed
to generate the load admitted by DCC Access, but not more.
The obtained results demonstrate that this goal is achieved
with the Adaptive approach. This is the case because the
combination of DCC Access and DCC Facilities is able to
maintain the CBR around 61.9% when the Adaptive approach
is considered. It is the same CBR than the one achieved in
the scenario where only DCC Access is used (Table 7). How-
ever, the percentage of packet drops is significantly lower
when DCC Facilities is used (7.5%) than when it is not used
(37.2%).

—e—No DCC
0.8+ DCC Access (Reactive and Adaptive) ®
—o—DCC Access (Reactive) + Facilities /A\
06! ——DCC Access (Adaptive) + Facilities / \
= No DCC and
E DCC Access ?
0.4+ /
[

0.2+

0 2 4 6 8 10
CPMs per second (Hz)

FIGURE 17. PDF of the number of CPMs generated at the Facilities layer
per second per vehicle when CAMs and CPMs have the same DCC profile.
When DCC Access is used alone, the same results are obtained for
Reactive and Adaptive approaches since DCC Access does not modify the
generation of CPMs.
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FIGURE 18. PDF of the number of objects included in each CPM when
CAMs and CPMs have the same DCC profile. When DCC Access is used
alone, the same results are obtained for Reactive and Adaptive
approaches.

The use of DCC Facilities with the Reactive approach
has a different effect on the CBR. It increases the CBR to
46.7% compared to the scenario when only DCC Access
is used (37.8%). This increase is produced because DCC
Facilities mitigates the synchronization problem that charac-
terizes the Reactive approach and that has been previously
explained. DCC Facilities mitigates the synchronization
problem because it allows each vehicle to generate (and
transmit) messages with different time intervals based on
their past generated messages. Mitigating the synchronization
problem increases the CBR because there are less packet col-
lisions and thus packets do not overlap in time. Consequently,
the implementation of DCC Facilities significantly increases
the PDR. This can be observed in Figure 19a for Reactive
and in Figure 19b for Adaptive. The PDR at the radio level
is especially improved with the Reactive approach due to

—e—No DCC
08t DCC Access, radio level
. o DCC Access, app level

- o -DCC Access+Facilities, radio level

o 0.6 —n—DCC Access+Facilities, app level ||
[a]
© 04}
0.2}
0 . . N < o
0 100 200 300 400 500 600
Distance between Tx-Rx (m)
] (a) Reactive
' —e—No DCC
0.8 DCC Access, radio level
. DCC Access, app level
- o -DCC Access + Facilities, radio level
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FIGURE 19. PDR (Packet Delivery Ratio) for CPMs at the radio and

application levels as a function of the distance between transmitter and
receiver when CAMs and CPMs have the same DCC profile.
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FIGURE 20. Object perception ratio as a function of the distance between
the detected object and the vehicle receiving the CPMs when CAMs and
CPMs have the same DCC profile.

the mitigation of the synchronization problem. It is nearly
maintained for Adaptive since the same CBR is achieved. The
PDR at the application level is significantly improved for both
Reactive and Adaptive. This is due to the low number of pack-
ets dropped by DCC when DCC Access and DCC Facilities
are combined. Thanks to the improvement of the PDR, the
combination of DCC Access and DCC Facilities improves the
object perception ratio. This is visible in Figure 20 that com-
pares the object perception ratio when not using DCC, when
using DCC Access only and when combining DCC Access
and DCC Facilities. Figure 20 reports the object perception
ratio for the Reactive and Adaptive approaches. The improve-
ment produced by DCC Facilities is particularly relevant for
the Reactive approach given the high PDR increase. In fact,
the Reactive approach slightly outperforms the Adaptive one
for distances beyond 300m. This improvement is produced
due to the higher PDR at the application level of the Reactive
approach at such distances (Figure 19) due to its lower CBR
and thus lower packet collisions. All these results clearly
show that the combination of congestion control functions
at the Access and Facilities layers can significantly improve
cooperative perception. This is the case because it augments
the object perception ratio, reduces the information age, and
improves the PDR compared with the scenario with DCC
Access only.

VIil. CONCLUSION

This paper analyzes in detail the effectiveness and operation
of cooperative perception in connected automated driving.
The study shows that cooperative perception significantly
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improves the perception compared to scenarios in which
vehicles exclusively rely on their on-board sensors. The effec-
tiveness of cooperative perception is analyzed for different
sensor configurations and market penetration rates. The study
shows that very high perception levels can be achieved with
penetration rates of only 40%. The perception achieved with
cooperative perception strongly depends on the sensors’ field
of view and range when the market penetration rate is low.
However, the impact of the sensors’ characteristics on the
performance of cooperative perception decreases with the
market penetration rate.

Cooperative perception can increase the channel load
in the network, which has the risk to reduce the V2X
communication performance and degrade the network’s scal-
ability. V2X networks control the channel load using con-
gestion control protocols. This study has then also analyzed
the impact of congestion control on cooperative perception.
To this aim, the study has focused on the DCC algorithm and
has evaluated the impact of congestion control functions at
the access and facilities layers. At the access level, the study
compares for the first time the performance achieved with the
Reactive and Adaptive solutions for cooperative perception.
The study demonstrates that the Adaptive approach signifi-
cantly improves the perception achieved but can increase the
information age (or freshness) of the exchanged messages
compared to scenarios where DCC is not used. This reduces
the value of cooperative perception since latency is critical in
connected automated driving. This study demonstrates then
for the first time that this challenge can be partially addressed
through the combination of DCC Access and DCC Facili-
ties. We demonstrate that the combination of DCC Access
and DCC Facilities increases the perception and reduces the
information age when compared with the DCC Access con-
figuration. This is achieved by dynamically adapting the rate
at which messages are generated. This reduces the probability
to drop cooperative perception messages (and hence informa-
tion about the detected objects) and the channel load, which
ultimately benefits the V2X network and the effectiveness
of cooperative perception. This study therefore demonstrates
how critical is the configuration of DCC Access and the
importance of DCC Facilities for the development of CAVs.
This is particularly relevant for DCC Facilities since it is
still a draft that is considered optional and that has not yet
been adopted by industry organizations like the C2C-CC. The
outcome of this study can provide them valuable knowledge
towards an efficient and effective V2X configuration and
deployment.
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basic information about detected objects (e.g. their position,

Abstract— Cooperative perception (or cooperative sensing or speed and size) to reduce the communication bandwidth
collective perception) enables connected and automated vehiclesrequired for collective perception. This approach has been
to exchange sensor data in order to improve their perception of adopted in Europe where ETSI (European
the driving environment. ETSI is currently developing a Telecommunications Standards Institute) is currently defining

standard for collective perception. The standard defines the . . .
message format and generation rules. These rules identify when a the standard for the Collective Perception Service (CPS) [4].

message should be transmitted and what information it should The CPS draft standard defines the Collective Perception
include. This study shows first that the current ETSI solution Message (CPM) format and the CPM generation rules. These
generates many redundant collective perception messages thatryles establish when vehicles should generate a new CPM

increase the channel load and can compromise the networks’ message and the information it should include. A CPM
scalability. Unnecessary redundancy can reduce the reliability of includes one common header and multiple containers with
V2X (Vehicle to Everything) communications and ultimately p

decrease the effectiveness of collective perception. This studyinformation about the vehicle that generates the CPM, the
proposes a modification of the current ETSI solution to control ~capabilities of its onboard sensors, and the detected objects
redundancy and avoid the transmission of unnecessary CPM (their position, speed, size, etc.). The authors analyzed in [5]
data or messages. The evaluation shows that our proposalthe current CPS draft standard and demonstrated that current
significantly reduces the redundancy and channel load and pTSI CPM generation rules result in the frequent transmission

improves the reliability of V2X communications compared to : . P
current ETSI solution for collective perception. This is achieved of GiMs thgt lnguce -mformat]on about.a small number ?f
detected objects. This can compromise the network’s

while maintaining the perception achieved by ETSI for the

safety-critical short and medium distances.

Index Terms— Collective perception, cooperative perception,
cooperative sensing, redundancy, message generation, connected
automated vehicles, V2X, vehicular networks, I TS-G5, ETSI.

I. INTRODUCTION

Autonomous vehicles use onboard sensors to perceive the
environment. The sensors’ perception capabilities are
reduced under the presence of obstacles (including other
vehicles) or adverse weather conditions. Vehicles can improve
their perception using wireless communications to exchange
sensor data with nearby vehicles and infrastructure. This is
known as cooperative perception, collective perception or
cooperative sensing. Previous studies have demonstrated that
collective perception or cooperative sensing can improve the
perception capabilities of vehicles even beyond their sensors’
detection range [1]. The study in [1] analyzes the advantages
and disadvantages of exchanging raw sensor data, processed
metadata or compressed data. Exchanging raw sensor data
would require significantly large bandwidths that cannot be
provided by existing V2X (Vehicle to Everything)
technologies such as DSRC, ITS-G5 or C-V2X. Recent
studies (e.g. [2] and [3]) hence focused on the exchange of

This work has been partly funded by the European Commission through
the TransAID project under the Horizon 2020 Framework Programme, Grant
Agreement no. 723390.

scalability since most of the transmitted data is headers rather
than data about detected objects. The analysis also showed
that current CPM generation rules result in significant
redundancy. For example, the study showed that vehicles can
receive as much as 25 to 50 times per second the same data
about a detected object under the evaluated scenarios. This is
the case because current CPM generation rules are exclusively
based on changes of the detected objects’ dynamics (position
and speed). In this case, all vehicles in the vicinity of a
detected object that detect a change in the objects’ dynamics
will generate a CPM with the same information about the
detected object. Redundancy can be positive to confirm the
accurate detection of objects or vehicles. However, an
excessive redundancy can overload the V2X communications
channel and compromise the network’s scalability. It can also
negatively impact the perception accuracy if an overloaded
channel results in packet collisions. These collisions can
reduce the probability of receiving CPM messages and
ultimately impact the effectiveness of collective perception or
cooperative sensing.

This paper proposes a modification of the current ETSI CPS
solution in order to control the redundancy in the network
without degrading the perception capabilities of Connected
and Automated Vehicles (CAVs). The proposal controls
redundancy by preventing vehicles to report about detected
objects in CPMs if they have already received updates about



the same object from other vehicles. Transmitting another
CPM with the same detected object data will increase
redundancy without a significant benefit to neighbor vehicles
that have already received the same data from other vehicles.
This proposal is aligned with the vision outlined in [6] where
authors discuss the need to consider the value of the
information about a detected object to decide whether it
should be transmitted or not. This paper demonstrates that the
proposed solution reduces significantly the redundancy in the
network as well as the channel load and improves the V2X
reliability. In addition, our proposal maintains the perception
achieved with the current ETSI solution for short and medium
distances (up to around 200m radius). These distances are
critical for the safety of CAVs.

II. COLLECTIVE PERCEPTION STANDARDIZATION

Current ETSI developments to specify the CPS service are
described in the Technical Report in [4] and will serve as
baseline for the specification of CPS in ETSI TS 103 324. The
Technical Report describes the CPM format and the CPM
generation rules. CPM messages include an ITS (Intelligent
Transport Systems) PDU (Protocol Data Unit) header and 4
types of containers: Management Container, Station Data
Container, Sensor Information Containers (SICs) and
Perceived Object Containers (POCs). The ITS PDU header
includes Data Elements like the protocol version, the message
ID and the Station ID. The Management Container is
mandatory and provides basic information about the
transmitting vehicle (e.g. its position). The position
information is used by the receiver to reference the detected
objects. The Station Data Container is optional and includes
additional information about the transmitting vehicle (e.g. its
speed, heading, or acceleration). In addition, the CPM can
include up to ten SICs to describe the capabilities of the
sensors embedded in the transmitting vehicle. Finally, the
POC:s provide information about the detected objects (e.g. the
distance between the detected object and the transmitting
vehicle), the speed and dimensions of the object, and the time
at which these measurements were done. A single CPM can
include up to 255 POCs.

The CPM generation rules define when a vehicle should
generate and transmit a CPM and the information to be
included in the CPM. Current ETSI CPM generation rules [4]
establish that a vehicle has to check every 7" GenCpm if a new
CPM should be generated and transmitted. By default,
T GenCpm is set equal to 100ms although it can be equal to
any multiple of 100ms in the range between 100ms and
1000ms. For every T GenCpm, a vehicle should generate a
new CPM if it has detected a new object, or if any of the
following conditions are satisfied for any of the previously
detected objects:

1. Its absolute position has changed by more than 4m since

the last time its data was included in a CPM.

2. Its absolute speed has changed by more than 0.5m/s since

the last time its data was included in a CPM.

3. The last time the detected object was included in a CPM

was | (or more) seconds ago.

A vehicle includes in a new CPM all new detected objects
and those objects that satisfy at least one of the previous

conditions. The vehicle still generates a CPM every second
even if none of the detected objects satisfy any of the previous
conditions. The information about the onboard sensors is
included in the CPM only once per second.

III. MOTIVATION

This section evaluates the current ETSI CPS solution to
motivate our proposal. In particular, the section evaluates the
level of redundancy generated by the current ETSI CPS
proposal. To this aim, we consider a Skm long six-lane (three
per direction) highway scenario' that we simulate using the
road mobility simulator SUMO following the conditions
reported in Table 1. We consider two traffic densities
following the V2X simulation guidelines in [7]. The speed of
vehicles at each lane is configured using statistics from the
PeMS database for a typical 3-lane US highway [8].

TABLE 1. SCENARIO

Traffic density 60 veh/km 120 veh/km

Speed per lane 140 km/h 70 km/h
132 km/h 66 km/h
118 km/h 59 km/h

V2X communications are simulated using the network
simulator ns3 [9]. In our analysis, all vehicles communicate
using ETSI’s ITS-G5 standard (based on IEEE 802.11p) over
the same channel. The propagation effects are modeled using
the Winner+ Bl propagation model following [7]. The
transmission power is set to 23dBm and the packet sensing
threshold to -85dBm. All vehicles transmit using the 6Mbps
data rate (i.e. they utilize QPSK modulation with 'z code rate).
The ns3 simulator has been extended with a CPS component
implemented by the authors. The component creates CPM
messages based on the ETSI CPM message format [5]. CPM
messages are generated following current ETSI’s solution
(Section II) with 7_GenCpm=0.1s. Vehicles are configured
with two forward sensors following [4] and [5]. The first
sensor has a 65m range and a FoV (Field of View) of +40°.
The second sensor has a 150m range and a +5° FoV. The
object detected by two sensors are assumed to be fused.

ETSI CPM generation rules include information about a
vehicle in a CPM every 200ms and 300ms for the low and
high traffic density scenarios respectively. For example,
vehicles move at speeds between 32.7m/s and 38.8m/s in the
low traffic density scenario. Vehicles then need 0.11s to 0.13s
to move 4m. 7_GenCpm is defined as a multiple of 100ms.
Therefore, the information about a vehicle is included in a
CPM every 200ms for low traffic densities. Similar
calculations can be done for the high traffic density scenario.
These calculations are important to select the adequate
observation time window and correctly evaluate the
performance and effectiveness of the collective perception
service. We then consider observation time windows of 200ms
and 300ms for the low and high traffic density scenarios,
respectively. These values correspond to the time required by
ETSI CPM generation rules for a vehicle to send an update
about an object in a CPM for the two traffic densities.

! Statistics are only collected for vehicles located in a 2km road segment
around the middle of the scenario in order to avoid boundary effects.



Figure 1 plots the number of times a vehicle receives CPMs
with data about the same object over the selected observation
time windows. These CPMs come from different vehicles that
detect the same object. The metric depicted in Figure 1 is
referred to detected object redundancy. It is represented as a
function of the distance between the detected object and the
vehicle receiving the CPMs. Figure 1 highlights the
redundancy levels resulting from current ETSI CPM
generation rules. Rather than receiving a single object update
per observation window, on average, vehicles receive more
than 5 updates for low and more than 6 updates for high traffic
densities respectively up to distances of around 200m. This
results that the vehicles receive updates about objects more
frequently than really necessary. This is illustrated in Figure 2
that plots the distance travelled by an object between two
successive CPMs that include information about that object.
Results are again plotted as a function of the distance between
the object and the vehicle receiving the CPMs. This figure
clearly shows that a vehicle receives updates about a detected
object much more frequently than in fact intended by ETSI
CPM generation rules. Figure 2 shows that on average a
vehicle will receive an object update less than every 1.7m for
low density and less than every 1.1m for high density up to
distances of around 200m. This is in contrast to the 4m
threshold established by the CPM generation rules to decide
when an update should be transmitted. Sending frequent
updates might be unnecessary from the perception point of
view and can significantly increase the load on the
communications channel. This can augment packet collisions
and reduce the reliability of V2X communications which can
ultimately decrease the perception capabilities of CAVs. We
propose in the following section a modification of the current
ETSI CPS to control the unnecessary detected object
redundancy while minimizing the changes to the standards.
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Figure 1. Object redundancy as a function of the distance between the
detected object and the vehicle receiving the CPMs.

e

N

w
N w

-

(=]

Distance between updates (m)
N

[ NN EY WH RS LTI R
(=]

0 100 200 300 0 100 200 300
Mt belees chy c-Aa m) [ELHR e W R T LR T
(a) Low density (b) High density

Figure 2. Average distance travelled by a detected object between two
successive CPMs reporting about this object. Metric represented as a function
of the distance between the object and the vehicle receiving the CPMs.

IV. PROPOSAL

The objective of our proposal is to reduce the redundancy in
the transmission of CPMs without decreasing the perception
capabilities of CAVs for short and medium distances since
CPMs are critical for their safety. Our proposal is executed
before the original ETSI CPM generation rules to filter out the
detected objects that have been recently transmitted by a
nearby vehicle. To this aim, the proposed algorithm analyses
every T_GenCpm the change in the absolute position (AP_R)
and speed (AS_R) of every detected object since the last time
the object was received in a CPM from other vehicles. If
AP _R<P Thresholdm and AS< S Thresholdm/s, the object
will not be included in the CPM even if it complies with the
original ETSI CPM generation rules’ conditions, which are
analyzed later. P_Threshold and S_Threshold threshold values
must be equal or smaller than 4m and 0.5m/s respectively to
reduce redundancy. The rationale for this proposal is that if a
vehicle has recently received an update about the same object
from other vehicles, there is no need for the vehicle to send
another update about this object since neighbor vehicles will
have already received the data from other vehicles. This
reduces unnecessary redundancy. The pseudo-code of the
proposed extension to the ETSI CPM generation rules is
described in lines 1-5 of Algorithm I. Then, the algorithm
follows the original ETSI CPM generation rules and computes
for the remaining detected object the variation of absolute
position (AP), the variation of speed (AS) and the time elapsed
(AT) since the last time the detected object was included in a
CPM. A new CPM is generated if at least one of the
conditions specified in Section II is satisfied following the
current ETSI CPM generation rules. If it is the case, the CPM
should include the information about the detected objects that
satisfy AP>4m or AS>0.5m/s or AT>1s and that were not
omitted by our proposed redundancy reduction mechanism.
The pseudo-code for this process is reported in lines 6-11 of
Algorithm L.

ALGORITHM L

Input: Detected Objects

Output: Objects (if any) to include in CPM
Execution: Every T GenCpm

1. For every detected object do

2 Calculate AP_R and AS R since last time received in a CPM
3 If AP_R < P_Threshold && AS R < S_Threshold then

4. Continue

5. Else

6 Calculate AP, AS and AT since last time included in a CPM
7 If AP>4m || AS>0.5m/s || AT>1s then

8. Include object in current CPM

9. End if

10. End If
11. End For

V. EVALUATION

Our proposal is analyzed using the simulation set-up and
conditions described in Section III. The proposed algorithm is
implemented considering two threshold configurations:
(P_Threshold=1m, S Threshold=0.5m/s) and
(P_Threshold=4m, S Threshold=0.5m/s). These



configurations are referred to as proposal-1m and proposal-4m
in this evaluation.

Figure 3 compares the PDF of the number of objects
included in each CPM with the current ETSI generation rules
and our proposal. Figure 3 shows that our proposal reduces the
number of detected objects included per CPM under low and
high traffic densities and for both configurations. The largest
reductions are obtained with the proposal-4m configuration.
Figure 3 also shows that our proposal reduces the number of
objects included per CPM when augmenting the traffic
density. This is because when the density increases there are
many vehicles that transmit the same redundant data with the
ETSI CPM generation rules. Our proposal reduces the
redundancy and has then a higher impact when the traffic
density increases. This is very interesting since higher
densities can compromise the networks’ scalability.

Our proposal also reduces the number of CPMs transmitted
per second. This is visible in Figure 4 that compares the PDF
of the number of CPMs generated per vehicle per second with
the ETSI CPM generation rules and our proposal. The
proposal-4m configuration achieves again the higher reduction
levels. These results clearly show that our proposal generates
less CPMs per second with smaller size than the current ETSI
CPM generation rules. This reduces the channel load as
illustrated in Table II. The channel load is estimated in terms
of the average CBR (Channel Busy Ratio). The CBR is
defined as the percentage of time that the channel is sensed as
busy. Table II shows that our proposal significantly reduces
the channel load as a consequence of the trends depicted in
Figure 3 and Figure 4. In particular, the proposal-lm
configuration reduces the CBR by 17%-26% and the proposal-
4m configuration by 58%-68% when compared to the current
ETSI solution. As expected, Table II shows that the CBR
increases with the traffic density. However, lower increases
are observed with our proposal following the trends observed
in Figure 3 and Figure 4. This shows that the proposed
algorithm can better cope with increases in the network load.
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TABLE II. AVERAGE CBR (CHANNEL BUSY RATIO)

Policy Traffic density CBR
Low 19.2 %
ETSI High 31.8%
P -1 Low 15.9 %
roposal-im ngh 23.4 9%
Low 8.1%
Proposal-4m High 10.1 %

TABLE III. DISTANCE (METERS) WITH PDR > 0.9

Policy Traffic density PDR

Low 181m
ETSI High 112m
P -1 Low 200m
roposal-1m High 160m

Low 250m
Proposal-4m High 233m

Reducing the CBR and channel load reduces the packet
collisions and improves the PDR (Packet Delivery Ratio). This
is actually shown in Table III that reports the distance up to
which a PDR equal or higher than 0.9 is guaranteed”. Table 111
shows that our proposal increases this distance compared to
the current ETSI solution. In particular, the proposal-lm
configuration increases it by 10% and 42% in low and high
traffic densities, and the proposal-4m configuration by 38%
and 108% respectively. These results demonstrate that our
proposal increases the reliability of V2X communications.
Figure 5 shows the effectiveness of our proposal to reduce
the redundancy introduced by current ETSI’s CPS solution.
The figure depicts the object redundancy as a function of the
distance between the object and the vehicle receiving the
update or CPM. This metric represents the number of times a
vehicle receives CPMs with an update about the same object
over the observation time window. The object redundancy
decreases with the distance due to the propagation effects that
reduces the PDR. Figure 5 shows that our proposal effectively
reduces the number of object updates compared to ETSI's
solution in order to control the channel load. This reduction is
achieved without sacrificing the perception performance for
short and medium distances that are critical for the safety of
CAVs. This is illustrated in Figure 6 that compares the
perception achieved with the current ETSI CPM generation
rules and our proposal. The perception is estimated with the
object perception ratio that is defined as the probability to
detect an object (i.e. a vehicle in this study) within the
observation time window. We consider that a vehicle
successfully detects an object if it receives at least one CPM
with information about that object during the observation time
window. Figure 6 also shows the perception achieved with an
autonomous vehicle that only uses its sensors and does not
implement V2X communications. In this case, we consider
that a vehicle successfully detects an object if the sensors
detect the object during the same time window. Figure 6 plots
the average object perception ratio as a function of the
distance between the detected object and the vehicle receiving
the CPMs. Figure 6 shows that relying exclusively on the
onboard sensors results in a very low perception performance.
The perception is significantly improved when using

2 This distance is considered a V2X performance reference by some
standardization organizations such as the 3GPP [7].
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collective perception or cooperative sensing. Figure 6 shows
that our proposal achieves the same (or nearly the same)
perception as ETSI's current solution for the critical short and
medium distances (up to around 200m) and both traffic
densities. In particular, the perception performance is identical
for the proposal-1m configuration. These results show that the
proposed algorithm can reduce the redundancy without
degrading the perception capabilities compared to current
ETSI’s solution at the critical short and medium distances. It
should be noted that the performance is evaluated considering

only the transmission of CPM messages. Higher channel load
levels resulting from the transmission of additional messages
(e.g. CAM or MCM messages) could increase the load and
degrade the perception achieved with current ETSI’s solution.
Our proposal would be more robust again such increase since
Table II demonstrates that our proposal significantly reduces
the CBR and hence increases the reliability (Table II). Figure
6 also shows that the performance degrades for higher
distances. This is due to the propagation effects that impact
more the proposal-4m configuration since it is the one that
transmits less CPMs. This configuration is hence more
sensitive to packet losses.

VI. CONCLUSIONS

Collective perception or cooperative sensing will enable
connected and automated vehicles to exchange sensor
information to improve their perception of the surrounding
environment. ETSI is currently defining standards for
collective perception message formats and rules to decide
when these messages should be generated and what
information they should contain. This study shows that the
current ETSI solution for collective perception tends to
generate significant redundancy in the network that can
compromise its scalability without significantly improving the
perception performance. This paper has proposed a
modification to the ETSI CPM message generation rules to
control the redundancy in the network. The evaluation has
shown that our proposal significantly reduces the redundancy
and channel load and improves the reliability of V2X
communications. The proposal maintains the same perception
performance (with significantly less messages) than current
ETSTI’s solution for safety-critical short and medium distances,
while improving the network scalability. Our proposal has
been recently incorporated as part of the ETSI technical report
draft as one of the potential solutions to mitigate redundancy
in cooperative perception.
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Generation of Cooperative Perception Messages
for Connected and Automated Vehicles

Gokulnath Thandavarayan, Miguel Sepulcre, Javier Gozalvez

Abstract— Connected and Automated Vehicles (CAVs) utilize a
variety of onboard sensors to sense their surrounding
environment. CAVs can improve their perception capabilities if
vehicles exchange information about what they sense using V2X
communications. This is known as cooperative or collective
perception (or sensing). A frequent transmission of collective
perception messages could improve the perception capabilities of
CAVs. However, this improvement can be compromised if vehicles
generate too many messages and saturate the communications
channel. An important aspect is then when vehicles should
generate the perception messages. ETSI has proposed the first set
of message generation rules for collective perception. These rules
define when vehicles should generate collective perception
messages and what should be their content. We show that the
current rules generate a high number of collective perception
messages with information about a small number of detected
objects. This results in an inefficient use of the communication
channel that reduces the effectiveness of collective perception. We
address this challenge and propose an improved algorithm that
modifies the generation of collective perception messages. We
demonstrate that the proposed solution improves the reliability of
V2X communication and the perception of CAVs.

Index Terms— Collective perception, cooperative perception,
CPM, connected automated vehicles, autonomous vehicles, CAV,
V2X, vehicular networks, ITS-GS, DSRC, C-V2X, ETSI, 5G V2X.

[. INTRODUCTION

Automated vehicles utilize onboard sensors to perceive the
surrounding environment and drive autonomously. The
perception capabilities of these sensors can be limited for
example due to the presence of obstacles (including other
vehicles) or adverse weather conditions. Connected and
Automated Vehicles (CAVs) can improve their perception
capabilities if vehicles exchange information about what they
sense using V2X communications. Vehicles can use the
exchanged information to detect vehicles or objects that were
not detected by their onboard sensors. This is known as
cooperative or collective perception. Previous studies [1] have
identified the potential of cooperative perception to improve the
vehicles’ perception beyond the sensors’ detection range.

First collective or cooperative perception studies analyzed
the advantages and disadvantages of exchanging raw sensor
data, processed metadata or compressed data [2]. Exchanging
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raw sensor data would require large communication bandwidths
that cannot be guaranteed by existing technologies (such as
DSRC, ITS-G5 or C-V2X) when the network scales. Recent
studies have focused on the exchange of information about
detected objects including their position, speed and size. For
example, the study in [3] compares the perception achieved
when the information about the detected objects is attached to
existing Cooperative Awareness Messages (CAMs) or is
transmitted in separate messages.

Other studies seek to control the information exchanged
between vehicles in order to reduce the load on the
communications channel. In [4], authors propose that each
vehicle should transmit the information about a detected object
only if this information is valuable for its neighboring vehicles.
Accurately estimating the value of the information in a
distributed and highly dynamic environment is a significant
challenge. In [5], the same authors partially address this
challenge by using deep reinforcement learning to select the
information to be transmitted. In [6], authors propose a method
to reduce the channel load by transmitting only the most
relevant information. This method takes into account the area
covered by the sensors that is not covered by nearby vehicles.
The work in [7] proposes an analytical performance model for
collective perception. The study in [8] shows that existing rules
to generate collective perception messages can generate a lot of
redundant information in the network as vehicles receive many
updates per second about a detected object. Authors propose in
[8] a method to reduce this redundancy in order to improve the
networks’ scalability. Additional redundancy mitigation
mechanisms were proposed in [9]. The study in [10] analyzes
different content control schemes that decide whether to report
or not about certain detected objects based on their distance to
the sender vehicle and their impact on position tracking errors.
The study determines that objects that are located farther away
from the sender but near the edge of the sensors’ range should
be prioritized. These studies show the need to control the
exchanged information without degrading the perception.

The perception also depends on how frequently collective
perception messages are generated and transmitted. In
principle, a frequent transmission of collective perception
messages could improve the perception of CAVs. However,
this can be compromised if vehicles generate too many



messages and saturate the communications channel. An
important aspect is then when vehicles should generate the
perception messages. ETSI (European Telecommunications
Standards Institute) has proposed to date the first set of message
generation rules for collective perception [11]. These rules
define when vehicles should generate collective perception
messages and what should be their content. [12] showed that
ETSI generation rules result in the frequent transmission of
collective perception messages with information about a small
number of detected objects. This results in an inefficient use of
the communication channel due to the frequent transmission of
packet headers. Overloading the communication channel with
frequent messages can also decrease the packet delivery ratio
and therefore the effectiveness of cooperative perception. This
paper addresses these challenges with an improved algorithm
that modifies the generation of collective perception messages
and reorganizes their content. To our knowledge, this is the first
study that tackles the problem of generating frequent collective
perception messages reporting about a small number of objects.
The proposal is referred to as look-ahead and an earlier version
was included in [11]. It modifies the ETSI generation rules to
reorganize the transmission of objects in collective perception
messages. The reorganization results in that vehicles transmit
less messages, and each message includes information about a
higher number of detected objects. The proposed solution
reduces the channel load and improves the reliability of V2X
communications and the perception capabilities of CAVs.

II. COLLECTIVE PERCEPTION SERVICE

ETSI has recently approved a Technical Report that defines
the so-called Collective Perception Service (CPS) [11]. The
report presents the first proposal to standardize the Collective
Perception Message (CPM) format and the CPM generation
rules'. A CPM contains information about the vehicle that
generates the CPM, its onboard sensors (their range, field of
view, etc.), and the detected objects (position, speed, size, etc.).
In particular, CPM messages include an ITS (Intelligent
Transport Systems) PDU (Protocol Data Unit) header and 5
containers: Management Container, Station Data Container,
Sensor Information Containers (SICs), Perceived Object
Containers (POCs) and Free Space Addendum Container
(FSAC). The ITS PDU header includes data elements such as
protocol version, the message ID and the Station ID. The
Management Container is mandatory and provides basic
information about the transmitter, including its type (e.g.
vehicle or RSU) and position. The Station Data Container is
optional and includes additional information about the
transmitter (e.g. its speed, heading, or acceleration). The SIC is
optional and can report up to 128 sensors in a CPM. These
containers describe the capabilities of the sensors embedded in
the transmitting vehicle. The POCs is optional and can report
up to 128 detected objects in a CPM. A POC provides
information about the detected objects (e.g. their distance to the

! The Technical Report in [11] will serve as a baseline for the specification
of CPS in ETSI TS 103 324, which has not yet been approved, so the current
CPM message format and generation rules are still a proposal.

transmitting vehicle, speed and dimensions), and the time at
which the measurements were done. The FSAC is optional and
describes the free space areas within the sensor detection areas.

The CPM generation rules define how often a vehicle should
generate and transmit a CPM and the information it should
include. The current ETSI CPM generation rules [11] establish
that a vehicle has to check every T'” GenCpm if a new CPM
should be generated and transmitted, with 0.1s < 7 GenCpm <
Is. A vehicle should generate a new CPM if it has detected a
new object, or if any of the following conditions are satisfied
for any of the previously detected objects:

1. Its absolute position has changed by more than 4m since

the last time its information was included in a CPM.
2. Tts absolute speed has changed by more than 0.5m/s since
the last time its information was included in a CPM.

3. The last time the detected object was included in a CPM

was | (or more) seconds ago.

A vehicle includes in a new CPM all new detected objects
and those objects that satisfy at least one of the previous
conditions. The vehicle still generates a CPM every second
even if none of the detected objects satisfy any of the previous
conditions. The information about the onboard sensors is
included in the CPM only once per second.

ETSI has proposed to date the first set of generation rules for
collective perception. These rules are then considered as
benchmark and we next analyze their performance to identify
existing challenges and motivate our proposal.

III. PROBLEM STATEMENT

Let’s consider the scenario in Figure 1 where an ego vehicle
has 6 neighboring vehicles. Let’s assume that the ego vehicle is
equipped with a sensor that has a Field of View (FoV) of 360°
and all vehicles move at 70 km/h. The ego vehicle generates
CPMs following the current ETSI CPM generation rules and
checks the conditions to generate a CPM every 7_GenCpm=0.1
s. As a result, the ego vehicle includes each detected vehicle in
a CPM every 300 ms. Let’s suppose, as an example, a scenario
where the ego vehicle detects for the first time all neighboring
vehicles in a time interval 7 < 0.1 s. In this scenario (Scenario
1), the ego vehicle generates one CPM every 300 ms, and each
CPM includes the information of the 6 detected vehicles (see
Scenario 1 in Figure 1). It is though very unlikely that an ego
vehicle can detect all its neighboring vehicles in the same time
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Figure 1. Example to illustrate the problem statement.



interval. In a more realistic scenario, vehicles constantly enter
and leave the sensor detection range of an ego vehicle at
different times. The ego vehicle will then include the detected
objects (i.e. vehicles) in different CPMs. Let’s consider in
Scenario 2 that the ego wvehicle detects two different
neighboring vehicles in every time interval = 0.1 s. In this
scenario, the ego vehicle ends up transmitting one CPM every
100 ms instead of every 300 ms like in Scenario 1. In Scenario
2, each CPM includes now information about 2 detected
objects every 100 ms instead of 6 every 300 ms (see
Scenario 2 in Figure 1). Transmitting more CPMs per second
consumes more bandwidth since each CPM includes the ITS
PDU Header, the Management and Station Data containers.
They occupy around 121 Bytes and are shown in grey color in
Figure 1. In addition, each CPM generates protocol headers
from the Transport, Network, MAC (Medium Access
Control) and PHY (Physical) layers. They occupy around 80
Bytes and are shown in blue color in Figure 1. Figure 1
clearly shows that the transmission of more CPMs with
information about less objects (Scenario 2) increases the
signaling overhead compared to transmitting less CPMs that
contain a larger number of objects (Scenario 1).

We have analyzed and quantified the effects illustrated in
the example in Figure 1 by means of simulating an urban
and a highway scenario. These simulations consider
realistic conditions where the sensors embedded in the
vehicles detect the objects and the CPMs are generated
following the conditions defined in Section II. For the
highway scenario, simulations have been conducted for a 5
km long six-lane highway. We simulated two traffic
densities following [13]: 120 veh/km (high density) and 60
veh/km (low density). We configured different speeds per
lane to statistically mimic a typical 3-lane US highway. The
speed of lanes varies between 118 km/h and 140 km/h for the
low traffic density scenario and between 59 km/h and 70
km/h for the high traffic density scenario. For the urban
scenario, a Manhattan-like grid scenario with 9x7 blocks is
simulated. The size of each block is 433 m x 250 m and each
street has 4 lanes [13]. In this scenario, the maximum speed
is 70 km/h and two traffic densities are considered: 25
veh/km (low density) and 45 veh/km (high density). In
both urban and highway scenarios, the mobility of vehicles is
simulated with the road mobility simulator SUMO. To avoid
boundary effects, statistics are only collected in the 2 km road
segment around the middle of the highway scenario and in
the 3x3 blocks in the center of the urban scenario.

V2X communications are simulated using the network
simulator ns-3 that is widely used in V2X communications
research. All vehicles communicate using the ITS-G5 V2X
standard (based on IEEE 802.11p) and therefore transmit using
the CSMA/CA (Carrier Sense Multiple Access with Collision
Avoidance) protocol. The propagation effects are modeled
using the Winner+ Bl propagation model. Winner+ Bl
differentiates between Line-of-sight (LOS) and Non-line-of-
sight (NLOS) propagation conditions, and hence allows us to
consider the strong impact of buildings in urban scenarios on
the V2X communications performance. Following [13], the
Winner+ B1 model has been adapted for V2V communications
by configuring the antenna height to 1.5 m. The transmission
power is set to 23 dBm and the packet sensing threshold to -85
dBm. All vehicles transmit using the 6 Mbps data rate (i.c.
they utilize QPSK modulation with '2 code rate) and the
channel

bandwidth and carrier frequency are set to 10 MHz and 5.9
GHz, respectively. The ns-3 simulator has been extended with
a CPS component and a sensing module implemented by the
authors. The CPS component creates CPM messages based on
ETSI’s CPM message format [11]. CPM messages are
generated following the ETSI CPM generation rules (Section
II). The T GenCpm is set to 0.1 s to enable the rapid
transmission of newly detected objects and avoid long delays in
the transmission of previously detected objects. Vehicles are
equipped with a 360° sensor with a sensing range of 150 m [11].

We evaluated the performance of the current ETSI CPM
generation rules in the urban and highway scenarios. The
evaluation showed that the existing rules generate on average
9.8 and 9.6 CPMs per second per vehicle in the low and high
traffic density highway scenarios, respectively. These results
reveal that most CPMs are generated every 100 ms
independently of the traffic density. In the urban scenario, the
average number of CPMs generated per second per vehicle for
the low and high traffic density scenarios is equal to 6.1 and 5.7,
respectively. In the urban scenario, the CPM generation interval
varies between 100 ms and 1 s. This is due to larger variations
in the speed of vehicles and in the number of objects detected
by each vehicle in the urban scenario (e.g. vehicles tend to
concentrate at intersections) than in the highway scenario.

Figure 2 shows the PDF (Probability Density Function) of
the number of detected objects by each vehicle and the number
of objects included in each CPM when considering the ETSI
CPM generation rules in the urban and highway scenarios. The
obtained results show that the number of detected objects is
non-negligible in both scenarios. The obtained results also show
that around 50%-60% of the CPMs contained 4 or less objects
in the highway scenario. The figure also reveals that around
50% of the CPMs generated in the urban scenario contained
only 1 object while around 90% contained 3 or less objects. The
obtained results demonstrate that the number of objects
included in each CPM is significantly lower than the number of
detected objects in both urban and highway environments.
These results clearly confirm the problem previously described
and illustrated in Figure 1 for realistic scenarios: the ETSI CPM
generation rules generate frequent CPMs that contain a small
number of detected objects.

The transmission of frequent and small CPMs adds
significant overhead. This overhead increases the channel load
and can reduce the reliability of V2X communications and thus
degrade the perception of CAVs. To overcome these
challenges, we propose an improved algorithm that avoids the
frequent transmission of CPMs with a small number of objects.
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Figure 2. PDF of the number of objects detected by each vehicle and
included in each CPM with the ETSI CPM generation rules.



IV. LOOK-AHEAD PROPOSAL

Our look-ahead proposal is designed with the objective to
reduce the channel load generated by CPMs while improving
the perception capabilities of CAVs. To this aim, we propose a
simple yet effective improvement of the current ETSI CPM
generation rules to combat its challenges previously discussed.
It was a design objective to minimize the changes to the ETSI
proposal for higher standardization impact.

In our proposal, vehicles check the conditions to generate a
new CPM every T_GenCpm following ETSI generation rules.
Following these rules, we compute for each detected object the
difference in absolute position (AP), speed (AS) and time
elapsed (AT) since the last time the detected object was included
in a CPM. A new CPM is generated if at least one of the three
conditions specified in Section II is satisfied. In other words,
the CPM must include the information about the detected
objects that satisfy AP>4 m or AS>0.5 m/s or AT>1 s. These are
the original conditions of the ETSI rules that we maintain in our
proposal. This ensures that our proposal includes each object in
a CPM at least as frequently as the ETSI rules. The pseudo-code
for this process is shown in lines 1-8 of Algorithm I.

ALGORITHM 1.
Input: Detected objects / Output: Objects (if any) to include in CPM
Execution: Every T GenCpm

1. Set flag = false

2. For every detected object do

3 Calculate AP, AS and AT since the last time included in a CPM
4 If AP>4 m || AS>0.5 m/s || AT>1 s then

S. Include object in current CPM

6 Set flag = true

7 End If

8. End For

9. Ifflag = true then

10. For every detected object not included in current CPM do
11. Calculate Next AP, Next AS and Next AT

12. If Next AP>4 m || Next AS>0.5 m/s || Next AT>1 s then

13. Include object in current CPM
14. End if

15. End For

16. End If

Our proposal is triggered every time a new CPM must be
generated by the ETSI rules. Then, our algorithm looks ahead
and predicts if any of the detected objects that are not included
in the current CPM would be included in the following CPM.
The prediction is computed as follows considering that the
objects maintain their current acceleration:

Next AP = AP +S-T_GenCpm+ 0.5-A-T_GenCpm? (1)
Next AS = AS + A-T_GenCpm 2)
Next AT = AT + T_GenCpm (3)

where S and A4 are the current speed and acceleration of the
detected object. Our algorithm includes in the current CPM
(instead of the following one) the detected objects that satisfy
Next AP>4 m or Next AS>0.5 m/s or Next AT>1 s. This CPM
includes the current information about these objects.
Anticipating the inclusion of a detected object in a CPM is
proposed to avoid transmitting many CPMs with information
about a small number of detected objects. The proposed

algorithm is robust against prediction errors resulting from the
irregular movement of the detected objects since the worst-case
prediction scenario will result in our proposal operating like the
ETSI CPM generation rules. The pseudo-code for this
anticipatory extension of the ETSI CPM generation rules is
described in lines 9-16 of Algorithm I.

V. EVALUATION

This section compares our proposal with the ETSI CPM
generation rules considering the same highway and urban
simulation scenarios described in Section III. In the
simulations, vehicles detect objects using their onboard sensors
and CPMs are generated following the conditions in Section II.

A. Generation of CPMs

We first analyze how our proposal influences the generation
of CPMs. In particular, we study how it impacts the CPM
generation rate and the number of objects contained in each
CPM. Table I compares the average number of CPMs generated
per second per vehicle and the number of objects (i.e. vehicles)
per CPM with our proposal and with the ETSI CPM generation
rules. The table also reports the difference between the two
algorithms. Table I shows that our proposal reduces (between
33% and 44%) the number of CPMs generated per second
compared to the ETSI rules. This reduction is achieved by
anticipating the transmission of information about detected
objects and increasing the number of objects included in each
CPM. Table I shows that our proposal augments (between 63%
and 110%) the average number of objects included in each
CPM in urban and highway scenarios. The improvement is
higher in the highway scenario because CPMs are often
sparsely transmitted (around 30% above 300 ms) in the urban
scenario and each vehicle detects less objects. These effects
make it more difficult to group the information about detected
objects in less CPMs in the urban scenario.

TABLE I. AVERAGE CPM RATE AND NUMBER OF OBJECTS IN EACH CPM

Traffic Algorithm CPM rate Number of objects
Density Highway Urban  Highway  Urban
ETSI 9.8 Hz 6.1 Hz 6.1 1.7
Low Look-ahead 6.0 Hz 4.1 Hz 11.9 2.9
Difference -38.8% -32.8%  +95.1%  +70.6 %
ETSI 9.6 Hz 5.7Hz 5.1 1.9
High Look-ahead 54 Hz 39Hz 10.7 3.1
Difference -43.8% -31.6%  +109.8% +63.2%

B.  V2X communications performance
The previous section has shown that our proposal reduces the
number of CPMs by augmenting the number of objects reported
in each CPM. This reduces the communications overhead and
decreases the channel load that is here measured with the CBR
(Channel Busy Ratio). The CBR is the percentage of time that
the channel is sensed as busy and is calculated as in [14]:

CBR = Thysy/Tcar 4)
where Tpus is the time (in milliseconds) during which the
strength of received signals exceeds -85 dBm. T, is computed
over a period of Tcgr= 100 ms. Table IT shows that our proposal
reduces the CBR between 10% and 23% depending on the
scenario and traffic density. This reduction results from
transmitting less CPMs and consequently reducing the



communications overhead. The reduction of CBR is higher in
the urban scenario because CPMs include information about a
lower number of objects than in the highway scenario. As
a result, the communications overhead represents a larger
portion of the transmitted bits in the urban scenario (76%
with ETSI rules) than in the highway scenario (49%).
These results demonstrate that our proposal reduces the
channel load in both scenarios and hence improves the
system’s scalability.

TABLE II. AVERAGE CBR AND MAXIMUM DISTANCE WITH PDR >0.9

Traffic Algorithm CBR Distance

Density Highway  Urban Highway Urban (LOS)
ETSI 29.2 % 12.7% 132 m 182 m

Low Look-ahead 26.1 % 9.7 % 151 m 205 m
Difference -10.6%  -23.6% +14.4 % +12.6 %
ETSI 49.4 % 19.9 % 102 m 134 m

High Look-ahead 41.4 % 15.6 % 118 m 162 m
Difference -162%  -21.6% +15.7 % +20.9 %

Reducing the CBR and channel load reduces the packet
collisions and improves the reliability of V2X communications.
We measure this reliability using the PDR (Packet Delivery
Ratio) metric that is defined as the probability of correctly
receiving a packet at a given distance d to the transmitter. The
PDR is calculated for a given transmitting vehicle j as:
YL Xj(d)

NiYi(d)

where Y;(d) is the number of vehicles that are located at a
distance between d-AD/2 and d+AD/2 to the transmitter when
the transmitter transmits packet i. Xj;(d) is the number of
vehicles that successfully receive such packet i. N denotes the
number of transmitted messages and AD=25 m. Each value of
PDR(d) corresponds to the average PDR at d for all transmitting
vehicles j. Figure 3 depicts the PDR achieved with the ETSI
CPM generation rules and our proposal in the urban scenario
under low and high traffic densities. The figure plots the PDR
under LOS and NLOS propagation conditions between
transmitter and receiver. Figure 3 shows that our proposal
improves the reliability of V2X communications under LOS
thanks to the reduction of the channel load and packet
collisions?. Under NLOS conditions, the PDR is significantly
degraded as it is mostly affected by the propagation conditions
due to the presence of buildings. In NLOS conditions, reducing
the communications overhead with our proposal does not have
a significant positive impact on the PDR.
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Figure 3. PDR (Packet Delivery Ratio) for the urban scenario.

2 Similar trends are observed in the highway scenario.

The PDR has a direct impact on the V2X communications
range. Table II reports the distance up to which a PDR equal or
higher than 0.9 is guaranteed. 3GPP considers this distance as a
reference V2X performance metric [13]. Table II shows that our
proposal increases this distance compared to the current ETSI
CPM generation rules by 12% to 20%. These results show that
our proposal increases the reliability of V2X communications
thanks to the reduction of the channel load.

C. Perception capabilities

The previous sections have shown that our proposal

improves the V2X communications performance due to the
reduction of the channel load resulting from the reorganization
of CPMs. This section evaluates how our proposal impacts the
perception capabilities of CAVs. We measure the perception
capabilities using the Object Perception Ratio (OPR) metric
that is defined as the probability to detect an object within a
given time window AT thanks to the exchange of CPMs. We
consider that a vehicle successfully detects an object if it
receives at least one CPM with information about that object
during AT. The time window has been set equal to the time
required by the CPM generation rules for a vehicle to send an
update about a detected object considering the speed of the
object. The time window AT is dynamically computed for each
object based on its speed S as AT =T_GenCpm -[4-S71-
T_GenCpm™1], with AT<I s. This computation considers that
an object moving at speed S is included in a CPM every time it
has moved 4 m, and that the CPM period is a multiple of
T _GenCpm. Considering this dynamic adaptation of the time
window, the OPR metric of vehicle i and object j is:
S;j(d) ©)
T;j(d)
T;j(d) is the time during which object ; is located at a distance
between d-AD/2 and d+AD/2 from vehicle i. S;,(d) is the time
during which vehicle i has successfully detected object j and
their distance was between d-AD/2 and d+AD/2. S/(d) is
computed taking into account the CPMs received during 7 ;(d).
Note that S;/(d) < Tij(d). The OPR metric at a distance d is
computed as the average value of OPR; /(d) for all vehicles i and
all objects j. AD has been set equal to 25 m.

Figure 4 plots the OPR metric as a function of the distance
between the detected object and the vehicle receiving the
CPMs. In the urban scenario, we differentiate the cases where
the detected object and the vehicle receiving the CPMs are in
the same street or in a perpendicular street. This helps us
estimate the effectiveness of collective perception as a function
of the relative position of the detected object to the vehicle
receiving the CPMs, including whether they are under LOS or
NLOS conditions. Figure 4 shows that our proposal improves
the object perception ratio compared to the ETSI CPM
generation rules in both highway and urban scenarios. This is
due to two main reasons: 1) our proposal increases the PDR and
therefore the probability to correctly receive CPMs, 2) our
proposal reorganizes the transmission of detected objects in
CPMs. This reorganization increases the average number of
times that a detected object is reported in a CPM compared to
the ETSI generation rules (by 20% and 10% in the highway and



urban scenarios, respectively). This increases the probability to
receive information about a detected object and hence the OPR.
Figure 4 shows that the highest perception levels are
achieved in the highway scenario where our proposal also
obtains its highest improvement compared to the ETSI
generation rules. In the urban scenario, buildings significantly
attenuate the radio signal and block the sensors field of view.
High perception levels can hence only be achieved when the
object and the vehicle receiving the CPMs are in the same street.
However, the object perception ratio under these conditions is
still lower in the urban scenario than in the highway one. This
is the case because the urban scenario has lower traffic
densities, and consequently, less vehicles detect and report
information about each object. Figure 4 also shows that the
object perception ratio is significantly degraded (independently
of the generation rules) in the urban scenario when the object
and the vehicle receiving CPMs are in perpendicular streets.
This is because the object and the transmitting vehicle must be
in the same street, and thus the transmitting and receiving
vehicles are under NLOS conditions (unless the transmitting
vehicle is at an intersection). These conditions significantly
degrade the PDR and reduce the probability to receive CPMs.
We also analyze the perception capabilities of CAVs by
computing the average time between updates that a vehicle
receives about a detected object. The updates can be received
from any vehicle that has detected the same object. A lower
time between updates improves the perception since a vehicle
receives more frequently information about a detected object.
Figure 5 plots the average time between updates as a function
of the distance between the object and the vehicle receiving the
CPMs. Figure 5 shows that our proposal reduces the time
between updates compared to the ETSI rules, especially at high
distances. This is important because the perception capabilities
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Figure 4. Object perception ratio as a function of the distance between the
detected object and the vehicle receiving the CPM.

1 T
—e—[ T oa cenae

» ——Loot a12ac cwden,
Qo 08} @ | TG ruga e e,
©
o | [ Loo- 2123c 15~ dinan,
s
c 06
3
B
2041
o)
g
=02 P

0 9 a -

0 100 200 300 400 500

Distance between object-Rx (m)

Figure 5. Average time between updates as a function of the average
distance between the detected object and the vehicle receiving the CPMs.

of onboard sensors decrease with the distance. This
improvement is achieved in both highway and urban scenarios
independently of the traffic density.

VI. CONCLUSIONS

Cooperative or collective perception improves the perception
capabilities of connected and automated vehicles. ETSI has
proposed to date the first set of message generation rules for
collective perception. These rules have a strong impact on
perception since they define when collective perception
messages should be generated and transmitted. This study
shows that the current message generation rules for collective
perception create frequent collective perception messages, and
each message reports only about a few detected objects. This
increases the communications overhead and degrades the V2X
reliability as well as the perception capabilities. This paper
proposes an improved algorithm for the message generation
rules in collective perception. The proposal reduces the number
of collective perception messages per second by reorganizing
how information about detected objects is transmitted. Our
proposal is able to simultaneously reduce the communications
load and overhead, and improve the reliability of V2X
communications and the perception of CAVs. This is achieved
by reorganizing the transmission and content of CPMs.
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