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Executi ve Summary

The objective of the TransAID (Transition Areas for Infrastructissisted Driving) project is to

deal with situations thatooperative and automated vehicles (CA¥ight face when they are
approaching tdraffic conditions or zones that their automated systems are not able to handle by
themselves. In those cases, the driver will be required to takeokcohthe vehicle; this is the so

called Transition of Control (ToC)TransAID develops and demonstrates traffic management
procedures and protocols to increase the overall traffic safety and efficiency specially at transition
areas (i.e. zones where T®ghouldtake place) considering the coexistent€AVs, autonomous
vehicles(AVs), cooperative vehicles (CVs) ahelgacyvehicles (LV). TransAID measures require

the use of communications between vehicles (V2V), and between vehicles and the road
infrastiucture (V2I) which are mainly used to gather information about the traffic stream through
cooperative sensing antb support in the coordination of the vehicles maneuvers through
cooperativemaneuversin this context, this document shows gensor device and techniques to

fuse their data that are being developed in TransAlbis includes techniques implemented at
cameraequipped infrastructures that are able to detect, create bounding boxasiguly track

objects using optical flow, and at the vedi@mploying a hybrid sensor fusion strategy which
contains a lowevel LIDAR fusion module, that transforms the sensor data of multiple laser
scanners into a common coordinate system, and an -ddyettfusion module, that fuses-uehicle

sensor data wh data coming fromneighbouring vehicles. The document also showthe
cooperative techniques that are being designed to enable the Collective Perception Service (CPS) in
line with ETSI. Te ETSI 0s CPS entails the contonnuous
Messages (CPM) that include a logic representation of the objects detected by the sensors and
which are wuseful to i mprove the vehiclesd a
environment. A key aspect for the efficient execution of the GPtBd definition of appropriate
generation rules for the transmission of the CPMs how often they are transmittedd what
information do they includeThis document includes a comprehensive analgsthe effecton the
communications performance amfiormation awareness differentCPM generatiorrules that are

being consideredn ETSI The conducted analysis has shothiat there is a tradeff between
perception capabilities and communications performance/scalalviéityicles detecting the same
object(s) and including them in their CPMs create redundant detection which can help improve the
perception capabilities but generate higher channel load levels and therefore impact the
performance ofV2X networks. In the framework of TransAID, advancedlicies have been
proposed to further optimizine CPM, bothts content and transmission triggering conditions, in
order to achieve the necessary levels of redundancy and minimize the impact of the implementation
of CPM in the stability and scalability ofiture V2X networksln particular, four different methods

have been designed: a) the look ahead mechanism that reduces the number of CPM transmitted with
a small number of objects by the prediction of objects that will need to be transmitted in a near
future; b) the redundancy mitigation mechanism that reduces the size of the CPMs and thus
increases reliability by limiting the transmission of objects that have been recently transmitted by a
neighbour vehicle and c) two different proposals for the combmaifoprevious methods that
enhance the performance of collective perception.

In addition, this document investigates existing cooperative driving mechsraaoh specially the

ETSI approach on manoeuvre coordinatibtrh e ETSI 0s Manoeu we (MCSFisor d i
defining new concepts and messages which can be used to coordinate manoeuvres between
vehicles. TransAID is actively participating this process, e.g., hyeans othe definition of the
Manoeuvre Coordination Message (MClid extendinghe role of the infrastructuréo support

thev e h i maneesvés coordination under certain scenarios and conditions. In this context, this
document presents the message flow for the set of services that are being coimsitienesiAID.
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First, this documerttas analysed the traffic management measures defined by the different services
of the TransAID projecgtand the required message flow for each service has been defined. Each
message flow describes how, when, and where the vehicles communicate betweeanthem
between themand the infrastructure, to execute the traffic management measures. Then, this
document providesrmaanalysis of the MCM generation ruless highlightedfor the CPMs, MCM
messages should be transmitted with a frequency high enough toagna ee t hat t he
manoeuvre coordination is possible. However, a too frequent exchange of MCM messages can
increase the channel load to the point that it can negatively impact the performance and scalability
of the V2X network. The conducted anasybas shown the importance of considering the vehicular
context for the generation of the MCM messages in order to achieve a good balance between
channel load and reliability for a safe execution of the cooperative manoeuvpasticular, two

main MCM generation rules approaches have been developdide aisk approach that measures

the riskof vehicles with their neighbours and adsajbte transmission rate based on the;rigkthe
trackingtrajectories approach that measures the variations betwedrajictories transmitted by a
vehicle and only sends a new message when the variation is signifibenainalysis performed
showed that the benefits of both approaches agiskeapproach increases the possibilities of
successful coordination while theacking trajectories approach performs an efficient use of the
communications channel while keeping neighbours updated about any change in the trajectory.

TransAID | [».2 |Connectivity and Signalling Pag.8
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1l ntroducti on
1.1 About TransAID

The introduction ofAutomatedVehicles (AVs) is expected to improveadiffic safety, reduce fuel
consumption and improve traffic efficiency. To do so, automatization of perception and control
tasks is employed with the aim of outperforming the capabilities of human ddriver efforts of

the automotive industry are fo@don preparing future AVs to support an increasing number of
road conditions and traffic situations. However, there will be situations where the automated
systems will reach their functional limits and will not be able to handle specific traffic situations
their own[1]. In these situations, a Transition of Control (ToC) to manual driving will be required.
The duration of a ToC will be influenced by the time required by the driver to recover full situation
awareness and safely &lover control of the vehicle. This time increases in higher automation
levels, where drivers are allowed to perform ndriving related secondary tasks. If the driver is not
able to take over control of the car, the ausved vehicle will perform a swaled Minimum Risk
Manoeuvre(MRM) to bring the vehicle into a safe spot (e.g. decelerating to full stop, or change
lane to occupy a safe spf]. There will be areas and situations on the roads where high
automation can be gramkteand others where it will not be allowed or feasible due to system
failures, highly complex traffic situations, human factors and possibly other reasons. At these areas
many AVs will have to perffoormTe&C We r efer to these Asj.eas as

TransAID develops and demonstrates traffic management procedures and protocols to enable
smooth coexistence of cooperative and automated vehicles (CAVs)f different SAE(Society

of Automotive Engineerslevels, cooperative vehicles (CVs) ablecammunicate via vehiclto-

anything (V2X), and legacy vehicles (LVs), especially at TAs. A hierarchical and centralized
approach is adopted, where control actions are implemented at different layers including Traffic
Management Centres (TMC), roadsideastructure, and vehicles. Following this approachhen t
TransAID project, different exvices have been defined addressing specific complex traffic
situatiors at Transition Areas. The road infrastructure supports the coordinatimarudeuvre®f

vehicles by providing advices, notifications or information to vehicles in order to increase the
overalltraffic safety and efficiency.

To validate the effectiveness of the traffic management measures developed at the TransAID
project simulations taking into actnt traffic safety and efficiency metrics will be performed. For

the simulations to be as reliable as possible, the most relevant microscopic traffic models for mixed
traffic behaviour and interactions withufomatedDriving (AD) cars are developefB]. Also,
communication protocols for the cooperation between CAVs, CVs, and Road Side Units (RSUs) are
implemented, modelled and included. Based on the results of these simulations, the most promising
solutions are then implementesl il@atworld prototypes and demonstrated in closed and controlled
environments as proof of concepts for real wo

1.2 The TransAID iterative approach

The hierarchical and centralized approach of the TransAID project is applied ovéeratimns,

each taking halff of the projectds total dur at
aspects of transition of control and tramsitiareas through basic scenarid@his implies that

realistic models for AD(automatic driving)and communication protocols need to be developed
and/ or adopted to cover the requirements of t
it is possible to runnitial simulations and focus in detail on the relatively new aspects o§,ToC

TAs and measures mitigating negative effects of Solhe goal of the first iteration is hence to

gain experience with all aspects relevant to TAs and mitigating measures. In the second iteration,
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the gainedexperience is used to improve/extend the trafficagament measures while at the same
time increasing the complexity of the investigated scenarios (e.g. including more challenging
scenarios not considered in the first iteration, or combining multiple scenarios in the same
evaluation). The second iterationll consequently need additional functionalities from the traffic
and communication protocols point of view, whose modelling will be implemented at later stages.

1.3 Purpose of this document

The TransAID consortium has selected five services to be implemientied first iteration of the

project. These services define traffic management measures that require the use of communications
between vehicles and between vehicles and the road infrastructure. In particular, the traffic
management measures defined atTransAID project employ communications for two main tasks:
gathering information about the traffic stream through cooperative sensing and support in the
coordination of the vehiclasanoeuvreshrough cooperativenanoeuvring

In this documentwe elaboate on the cooperative sensing and driving aspects of the traffic
management measures for the TransAID servi@esone hand,his documentirst describes the
different type of sensors that can be available at the vehicle side and at the infrastridguidée s

also presents novel mechanisms for the fusion of sensor information at the vehicle and at the
infrastructure.TransAID services employ cooperative sensing (referred to as collective perception

in ETSI (European Telecommunications Standards Insfitut o i mprove the ve
infrastructurebs perception of the drivi.ng en
ETSI is currently defining the so call€bllective Perception Servi¢g€PS) and the current focus

is on thedefinition ofthe appropriate generation rules of the Collective Perception Message (CPM).

A comprehensive analysis of the effects of different generation rules in terms of communications
and information awareness has been dondransAID employing advanced communicatis
simulation tools and has been presented and discussed at ETSI meetings to contribute to the
standardization procegsee Annex A)On the other hand, this documafgodefines the message

flows between vehicles, and between vehicles and the roatinftture necessary to implement

the cooperative driving manoeuvres specified in the traffic managementreseas the different
TransAID ®rvices.ETSI is also defining the so called Maneuver Coordination Service (M®8).

current concepproposed at ESI has beerextendedin TransAID to includethe support of the
infrastructure in the coordination of the cooperativanoeuvresof vehicles. The TransAID
proposal for the MCS has also been presented and discussed at ETSI meetings to contribute to the
stardardization process (see Annex Rurthermore, different types of MCM generation rules have

been designed armah in-degh analysishas been done showing their benefits and disadvantages
both in terms of communications and performance of cooperativeanamg.

The definitiors of the cooperative sensing and driving mechaaiprasented in this document are
based on the V2X Facilities layer message set defined in Deliveraljk] 5The work conducted
has also taken into accouthe traffic management measures defined id\{gee Deliverable 4.2
[5]) and the cooperativmanoeuvresnodelled in WP3 (see Deliverable 36}). The message flow
defined in this document will be empied in the traffic and communications simulations of WP6
and the real world testbed of WP7

1.4 Structure of this document

This document is divided into two main blockggned with the two tasks (task 5.2 and task 5.3 of
WP5) that directly contributed to thgevelopments described hefgne outputs of task 5.2 are
presented in Section 2 while the outputs from task 5.3 are shown in Sedsiothn Elearly identify
the work done in the first and second iteration of the project.
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Section 21 describes thestate @ the art of cooperative sensing including information about the
types of sensors employed at vehicles atdhe infrastructurelt reviews the current status of the
standardization of the CPS. Section.2.gresens the work done in the first iteratiom itermsof

novel cooperative sensing mechanisms that enhance the overall environmental perception. Section
2.2.2 presents a comprehensive analysis of the CPM generation rules that take into account the
improvement of the CPM in terms of information awasmnand thdeasibility of the transmission

of CPMs in terms of communicatiorSimilarly, Section 2.3 presents the update done in the second
iteration to the development of cooperative sensing mechanism (Section 2.3.2) while Sections 2.3.2
and 2.3.3 presés the TransAID approach for CPM generation rules that improve the current ETSI
CPM rules in terms of channel usage, object awareness and redundancy mitigation.

Similarly, Section 3.1 describghe state of the art of cooperative driving, the currenustat the
standardization of the MCS and the TransAID proposal for the \NBegtion 3.2l describes the
message flow needed to execute the traffic management measures of the TransAlDisdhaces

first iteration Section 3.2.2lescribs the message flowmeeded for the execution of a cooperative

lane change following the TransAID approach for the MCS. A preliminary analysis of the MCM
generation rules in terms of the chanlobad is presented in Section 3.2.3. The work done in the
second iteration is shawin Section 3.3. First, the message flows needed for the execution of the
TransAID services in the second iteration are described in Section 3.3.1. Section 3.3.2 focuses on
the design of a set of generation rules for the MCM. Different proposals foratjenemules have

been described and analysed in detail to study their performance and use of the communications
channel.Finally, Section 4 briefly concludes the deliveralaled summaries the main results
obtained

1.5 Glossary

Abbreviation/Term | Definition

AD Automated Driving

AID Automatic Incident Detection

Aol Area-of-Interest

AV Automated Vehicles

CAM Cooperative Awareness Message
CAS Cooperative Awareness Service
CAV Cooperative and Automated Vehicle
CBR Channel Busy Ratio

C-ITS Cooperative Intdigent Transport Systems
CoG Centre of Gravity

CPM Collective Perception Message
CPS Collective Perception Service
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CSM Cooperative Sensing Message

Cv Cooperative Vehicle

DCC Decentralized Congestion Control

DE Data Element

DENM Decentralised Enviramental Notification Message

DF Data Field

DX.X Deliverable X.X

EPM Extended Perceived Message

ETSI European Telecommunications Standards Institute

FoV Field-of-View

GNSS Global Navigation Satellite System

HMI Human Machine Interface

INS Inertial Navigation System

ITS Intelligent Transport System

ITS-G5 Access technology to be used in frequency bands dedicated for Eu
ITS

ITS-S ITS station

LV Legacy Vehicle

MC Management Container

MCM Manoeuvre Coordination Message

MCS Manoeuvre Coordiation Service

MRM Minimum Risk Manoeuvre

MTU Maximum Transfer Unit

ORC Originating RSU Container

OoSC Originator Station Container

ovC Originator Vehicle Container

PDF Probability Density Function
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PDR Packet Delivery Ratio

PER Packet Error Rate

POC Perceived Object Container
PSR Packet Sensing Ratio

Rol Regionof-Interest

RSU Road Side Unit

SAE Society of Automotive Engineers
SDC Station Data Container

SIC Sensor Information Container
SLAM Slmultaneous Localizainh And Mapping
SUMO Simulatian of Urban MObility

TA Transition area

TMA Traffic Monitoring Area

T™MC Traffic Management Centre

ToC Transition of Control

ToR Takeover Request

TransAID Transition Areas for Infrastructusssisted Driving
V2| Vehicleto-infrastructure

AV Vehicleto-Vehicle

V2X Vehicleto-Everything

WP Work Package
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2 Cooperative Sensing

Automatedvehicles are equipped with multiple exteroceptive sensors I(#0ARs, RADARS,
sonars and cameras) to perceive their local environment, and thereby perform queratbios

and executéntelligent Transport SystemiT(S) services.This local perception information makes

the AVs aware of objects (e.g. other vehicles, trees, cyclist, roadside rocks, etc.) that are present in
the driving environment. Howevehe percepon capabilities of each sensor are limited to a certain
detection range and a given Fi@fiView (FoV). In addition, these capabilities can be impaired
due to the presence of obstacles (obstructions) in the field of view, sensors blincadpetse
weather conditions andsensitivity to ambient light and temperature, among others. These
limitations can significantly degrade the perception capabilities of AVs, and hence negatively
influence their safety and driving efficiency. For example, it could lthet demands of the AV
systems to detect objects present inRegionrof-Interest (Rol) or Areaf-Interest (Aol).[7] and

[8] define this Aol/Rol to be equal to 300 meters for performing safetycapiphs in AVs. This
range is hard to achieve with the current exteroceptive sé&hsnrs.

CAVs can improve their perception capabilities thanks to the exchange of sensor information using
wireless technologies such as IEEE 802.11p/EH[9] or CG-V2X/LTE-V [10]. This is generally

referred to as collective perception or cooperative sensing. Collective perception enables CAVs to
improve their perception of the surrounding environment by receivifagmaion from other
vehicles and/or infrastructure nodes about objects that are beyond their sensing range. It can also
i mprove CAVsH6 detection accuracy and i ncr ea:
Collective perception can also help mitigate theatigg impact of adverse weather conditions on

the sensing capabilities as well as the initial limited CAV market penetration rate. The collective
perception concept can also be extended to infrastructure nodes with ITS sensing capabilities. These
nodes cartransmit and receive sensor information to/from vehicles to improve their respective
knowledge of the driving environment. Collective perception enables the exchange of sensor
information to improve their perception of the driving environment. It enaldbgles (and the
infrastructure) to detect objects, e.g. rammnected vehicles, pedestriasgclist, obstacles, etc.,

beyond their local sensing capabilitid8y i mproving the vehiclesbéo
environment through the exchange of semsfmrmation, collective perception seeks improving the
safety and traffic efficiency of connected and automated vehicles

In general the cooperative sensing or collective perception process has shown to include and rely
on a set of functionalities thate illustrated irFigure 1. First, the cooperative sensing benefits from

the sensors (visiom,IDAR, RADAR, sonar), and the data they provide, that AVs utilize to perform
automated operations and to manage the nagessntrol operations. In the collective perception
process, this data is enriched (new data/objects, and increased accuracy and confidence about the
detected data/objects) when it is fused with sensor data received rieghbouring
CAVs/infrastructureThen, the o6detection & fusiond funct
by the irbuilt sensorsThis function aims at identifyingbjects byanalysing features like edges,
regions and attributes, and saviregathemoi n ak
locally stored perception information to form the collective perception mes@hgesould include

fused information osensor specific object datd) should be noted that the information included in

the collective perception messagmuld be of any nature: raw sensor datj (this is not practical

though) or processed objects with a specific description fofd2it The nature of the data to be
transmitted can be decidedded on existing tradafs between the data size, processing cost and

resolution/ accuracy. Anot her i mportant aspect
when vehicles should exchange the collective perception messages. This decision is made
considering the defined generation rul es, as

function acts as a gatekeeper before the messages are transmitted through the radio unit. In
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particul ar, t he &édcongest i on hesatardationfcongestibnwhtieet i o r
communications channel . To this ai m, the O6co
and/or power control strategies to maintain the channel congestion level at a certain level (or below
a defined threshold).

VISION > Radio Unit
\ 4
. . N e Rx -
LIDAR » Detection& Message Congestion
i DATABAS Generation Control
RADAR H—»| Fusion —> —>
SONAR >
\ 4

v CAV ServiceV

Autonomous ITS
Control Applications

Figure 1. Collective Perception Functionalities

The ETSI Technical Committee on ITiS currently developing the European standards for
collective perception or cooperative sensifigey are defining a new edule at the Facilities layer
referred to as collective perception service to enablexbkange of sensor information about the
status and dynamics of detected objects. The standardization process willndegiménformation

should be exchanged aboutet detected objects, and how often it should be exchanged. In
particular,ETSIis currently designing the V2X message (knowrCallective Perception Message
necessary for vehicles to exchange sensor information about the status and dynamics of detected
objects. Another important aspect yet to be decided is the CPM generation rules that define when
vehiclesshouldexchange CPM messages. These generation rules will have a significant impact on
the effectiveness of the collective perception service andeowitieless vehicular network. In fact,

if vehicles exchange information about detected objects very frequently, they will significantly
improve their perception capabilities and be able to detect their surrounding objects with higher
accuracy. However, aot¢ 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.

The rest of this section is organizedfakows. Section2.1 presents the current staiéthe-art on
cooperative sensing. Given the importance of dbesors for the collective perception progess
section2.1.1 first reviews the type of seoss that are currently available in the CAVs and the
infrastructure, and existing techniques to fuse the data these sensors generate23eztioen
summarizes existing studies on collective perception conducted to deténdiades an analysis of

the current efforts on theTSI standardization of the CPS, the CPM message, and generation rules.
Section2.2.1and2.2.2then show the main contributions of TransAID togress the current state

of the art. In particular, Sectio@.2.1 presents the techniques and models developed under
TransAID to enable the sensor data fusion at the infrastructure and vehicles. 32cfianalyses

under different driving conditions, the performance and efficiency of different CPM message
generation rules that are currently discussed at EI#$. analysis has been presented at ETSI to
contribute to the standardization procésse Amex A). Section2.3 shows the research conducted

by the TransAID project in the second iteration. Secfidhldescribes the new version of sensor
fusion algorithms developed in the project whereastiBn0 and Sectior?.3.3focus on the impact

of CPM generation rules on the performance of cooperative sensing. In particular, two new
algorithms have been developed and analysed in detail in ®S&ctiBection2.3.3 presents two
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different proposals for the combination of the developed algorithms that improve the overall
performance of collective perception.

2.1 State of the art

2.1.1Sensor information

CAVs require a comprehensive model of the environmentséfe automated operation. In a
collective grception environmenthis model is generated from sensors mounted not only on the
egovehicle itself but also from data acquired by other CAVs as welbthsr CVs and road
infrastructure CPM defines a V2X message for the exchange of such informattbefiorm of an
abstract description. This description must be generated from the raw sensor data in a pipeline of
sensorspecific processing steps andtla receiving end, the world model must be enriched with

the abstract description of other ITSs. Fusion of different sensor sources must happen under
consideration of involved sensor uncertainties in order to generate a fused environment model with
incresed accuracy compared to the single sensor model. SEuson reviews existing and
upcoming sensor configurations with regard to the information exchange via CPM in TransAID. In
addition to that, cooperative traffic will be investigated, e.g. by using GAddsage$l4] and

others if available.

2.1.1.1In-vehicle sensors

2.1.1.1.1Environment sensing and egdocalization

Considered are exteroceptive sensors which gather information about the envirahraente
range. Tyical sensors and their pdsitities by statef-the art processing technigues:are

- Monocularcamera: image and video, image differences, angular information of tracked
objects, possible full 3D info when projection to ground is possible

- Stereo camera: as monocular camera, plusedanfprmation through depth images.
Range depending on camera distance, typicaB9ra at 30cm baseline

- Active cameras (Time of Flight / Photo mixer device): typically camera with rather low
pixel resolution, plus near range depth (<10m)

- SONAR: distanceof object (usually without identifying it) within field of view, range
typically 0-3m,

- RADAR: distance of object, typically including identification. can be highge
(200m+) depending on sensor

- LIDAR: rather highresolution 3D point cloud from measurelject distances, including
object identification and tracking, various range types from 30m to 200m possible.
Various types of fields of view (e.g. single distance spot, single line scanning, multiple
line scanning, 360° rotating FOV)

Together with envbnment sensing, egocation, velocity (linear and angular) and timing will be
required in most use cases. Position and timing are typically available th@bolgal Navigation
Satellite System GNSS, plus optionalinertial navigation systems (INS)Souces like map
matching wheel odometryor environment sensorbased tehniques (landmark navigation,
Simultaneoud.ocalization And Mipping (SIAM), visual odometrycan be amxtensioralternative

to GNSS positioning Such techniques are important on GNSSitjpos dropouts (e.g. signal
interruption, multipath, jamming) and when relative navigation (e.g. within legacy traffic flow,
narrow track guidance) is required. For a typical GNSS/INS, the outputs are

- 3D geodetic positiorfe.g. WGS84 or UTM plus ellipstal or geoid height), optional
RTK with improved accuracy augmentation (SBAS, GBAS, DGNSS),
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- 3D velocity estimate,

- precise time,

- heading estimate on mulintenna receivers,

- 3D attitude and higfirequent position and velocity updates when using GNSS/INS
strapdown,

- 3D acceleration and turn rates with INS,

- uncertainty estimates by GNSS DOP and filter covariance.

Depending on the application context, state information is often reduced (e.g. only 2D position and
headingfor ground transportatignplus their desatives) and can also be localtgentred(e.g.
Cartesian position relative to lanes or other infrastructure).

2.1.1.1.2Example Configuration

On the vehicles, GNSS navigation and environmesttgdctdata(at most from imageRADAR or
LIDAR-based identification anttacking)is taken into accouniThis will generally provide two
message types:

- Cooperative Awareness MessageA{l) (generatedfrom GNSS or GNSS/INSand
static vehicle parametgrs

- Collective Perception Message (generated from object data from at least one
environmental sensdinked to GNSS/IN$

Testing configurationare described in D7.[1L3]. The configuration i s Qe
vehicle availability and installed hardwarecurrently this comprisesultiple and cecalibrated

LIDARs (currently three at front and one at rear) with altogether almost 360° FOV (except some
gaps at the vehicle sides). Optionally, one front RADAR, and cameras can be taken into account if
advantageousNavigationand timingdataareobtained bya NovAtel GPS/INS solutionDepending

on the testing area, precise RTK which usesgadirated DGPS or SAPOS can be used

2.1.1.2Infrastructure -mounted sensors

2.1.1.2.1Inductive loop

The default sensor for infrastructeibased detection is the indive loop. The detection principle is
based on the increase of inductance of a coil when a metal core is added, the magnetic field lines are
shown in the sketch below:
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Figure 2. Magnetic field around inductive loop.

Figure2 shows that smaller loop has a smaller reach of the field lines and will therefore behave
differently when a vehicle with a high ground clearance passes over it. While smaller loops are
more precise in detecting vehicles at a pardicidcation, making the loop too small may result in
problems detecting trucks and agricultural vehicles. For motorway systems the default size of a loop
is 1.5m x 1.8m (1.5 is the length in the driving direction), while urban systems use 1.0m x 2.0m, but
it should be noted there is a high variety for urban systems in loop design, where even
parallelogram shapes are often used.

In the figure below the amplitude of threlative inductance changever time is shown for a
common private car (Volvo V40 early @D model ) , this pattern is
signatur eo:
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Figure 3. Vehicle signature generated by passing over an inductive loop.
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The data was captured on a double loop while the vehicle was accelerating; the frkt vehi
signature is indicated by the blue graph, the second by th&@hedletector card was set to sample

the relative inductance change every 3ms, resulting in 100 samples of the vehicle passage that could
be considered above noise level.

The double loops an interesting case because vehicle speed can be measured instead of estimated
based on an assumption of the vehicle length. The duration of the loop output being over a certain
value, i.e. the signature length, depends on both the vehicle length asgkdtk so for a single

loop this has to be estimated as both variables are unknown. In order to measure the speed on a
double loop, the time difference for a reference point in the signature is used. Common references
are Centre of Gravity (CoG), risinglfing flank and peak value.

While presence detection is easy with a close to 100% accuracy given proper loop placement and
dimensions, the speed has some inaccuracy due to noise and deformation of the signature.
Therefore, this accuracy is 97% or higher Dynniq hardware (certified bghe Dutch authority

call ed fANeder | piCylsts ahd endtarayces haveuau ey low metal content,
especially with upcoming carbon technologies, and can sometimes be missed by detectors.

Theoretically, it wouldalso be possible to measure the acceleration of a vehicle by comparing the
deformation of the signatures or analysing the difference in travel time between the rising and
falling flank. This has not yet been integrated in existing hardware due to lovetnahaand for

such a feature.

2.1.1.2.2RADAR and video sensors

Due to inductive loops being the standard solution, both videdR&MAR detectors follow the
same principle and draw a virtual loop inside the field of view for detections.

In case a vehicle isinsidteh e area of a | oop, the infrastruc
for the real induction loop. Problems arise with extreme weather and small errors can be made when
birds pass in front of the camera. Sensor occlusion is a problem for any enstares not observe

the traffic on a perpendicular angle to the road surface; this happens mostly for detection of private
cars behind tall trucks. Calibration and positioning of the sensor are therefore very important to
minimize this.

In general, infragd is less sensitive for extreme weather conditions and has the best performance for
cyclist detection. Visible light is the cheapest technology but suffers from extreme weather, sun
glare and is more difficult to filter for specific vehicle classRADAR is more accurate with
moving objects while cameras are more accurate for stopped objects. ThereforafiRDARIS

a promising new sensor that combit®sDAR with visible light detection to track vehicles on a
stretch of roaddetermining their positin and speed.

According to factory specificationshese sensors all have a very high accuracy >98%, which is
measured under ideal circumstances and can be disappointingwoeall d scenari ods.
is recommended to search for independent ewialus or practitioners experience before
deployment.

2.1.1.2.3Example configuration

As the vehicle configurations, the testing RSU camera setup is described ifLBf7.Bases are
off-the-shelf surveillance cameras be mounted with FOV towards the testing area, together with
networking and V2X hardware.

Dutch motorways generally have an inductive loop pair installed everyl@® meter in
conjunction with a gantry with panels that warn drivers for traffic jams. iShigrt of a secalled
Automatic Incident DetectiofAID) system. The distance between the gantries varies depending on
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the location of curves, bridges and viaducts, because there should always be line of sight with one
set of panels for traffic. Withowpecific conditions, the distance is 800 meter.

In urban areaghere are several types of loops installed. The most common is the stop line detector,
which detects whether a vehicle is waiting for a specific signal. If this is not the case, the signal can
be skipped for dynamic controllers. Once a traffic light is green, it can also be used to detect when
the queue has cleared and the light can switch to amber and red again. However, this is not very
efficient because a margin of approximately 2 secondsgigired to be certain there is no vehicle

that accelerated a bit slower left behind. This means that the light switches to amber 2 seconds after
the last vehicle left the queublore efficient is to put a large detectorbd further upstream
Typically, these detectors have a length of4&fDmeter in the driving direction and are placed 20m
upstream. The large length means that there is no time margin required anymore to cover the gaps
between vehicles. Placing it a bit upstream means that as soorliast thehicle leaves the loop, the

l ight can switch to amber, while the vehicle
green phase can be53seconds shorter with such detectors. More advanced controllers that model
the vehicles approaaig the intersection also require upstream entry detection. These are again
smaller loops of 1 meter in the driving direction to enable countingiriban networks with
consecutive intersectionghe entry detection is effectively an exit detection of astrepm
intersection.

2.1.1.3Sensor fusion

Automated vehicles are typically equipped with a variety of sensdreh each ha different
properties in respect to reliability in different weather conditions, accuracy and precision, viewing
range and resolutiors¢eD7.1[13]). Sensor fusion algorithms are used to combine measurements
from different sensor sources in a way that the combined output is of higher quality than the output
of each individual source. Thereforegaod sensor fusion algorithm levels out weaknesses of the
individual sensors based orpeori knowledge about the involved sensors and physical constraints
that allow assegs®y if an object hypothesis i®dind or not, for example based on known object
motion models and calibration parameters. The mathematical framework behind most sensor fusion
algorithms applies probabilistic reasoning on the uncertainty of individual sensors and object
motion models, for example using Kalman filtering or Bayesian n&syab].

The sensor data that ishared betweenTS stations (ITSSs) in a collaborative erception
environment can be regarded as additional sensor sources that (a) increase the field of view of
individual ITSS and (b) reducg¢he uncertainty associated to individual object hypotheses. As such,
the shared information can be incorporated into the environment perception as part of the sensor
fusion architecture similar to sensors which are directly connected to th® il 8ardware. The
remainder of this section summarizes different sensor fusion architectures and reviewitipessib

for the integration of collaborativeepception data via CPM.

2.1.1.3.1Sensor fusion architectures

Existing sensor fusion architectures can be categoazedrding to the level in the processing
chain where the sensor data is combined:

Low-level fusion: In low-level fusion, the raw sensor data is combined into a common
representation on which subsequent processing steps operate. For example, sensorutgée of
LIDAR can be combined into a common point cloud of increased angular res@uotiovertical

field of view (segrigure4). Another common lowevel fusion strategy is based on occupancy grid
maps. The occpancy grid map (seBigureb) is a discrete representation of the environment in
which each cell contains the probability that a region in space is occupied by an obstacle. This
probability can be computed basedtbe output of multiple sensors and sensor moda|tiejs
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Figure 4. The sensor returns of three Ibeo LUXLIDAR (shown in green, red and blue) are
registered into a common point cloud to increase vécal field of view and angular resolution.
Further processing steps operate directly on the combined point cloud.

Figure 5. Left: camera image, right: corresponding occupancy grid map generated from
LIDAR data.

Detectiontlevel fusion: In detection level fusion, the raw sensor data isppoeessed to obtain
detection responses from each of the available sensors, e.g. by thresholding the intensity of the
returned signals. Then, the fusion algorithm combines these detections immmm@on
representation. Two sources of uncertainty must be dealt with in detestarfusion: sensor noise

and unknown data association. Handling of sensor noise can often be solved optimally or nearly
optimal in a recursive Bayesian filtering formutati using Kalman, particle or histogram filters

[17]. Data association on the other hand is a much more challenging problem due to the
combinatorial nature of the problent: the identities of the objects whichave generated the
observed detections are unknown, the number of possible object trajectories grows exponentially
with the number of detections and time steps. This makes-afjgtct (and multsensor) tracking

an NRhard problem.

Yet, principled approa@s exist. For example, multiple hypothesis tracking enumerates all possible
object trajectories and applies pruning strategies based on their likelihood in order to only follow
the most probable hypothesd@s]. More recently, methods based on random finite F€§20]
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have become popular. These methods follow a rigorous mathematical treatment of recursive
Bayesian filtemg of setvalued phenomena.

Track-level fusion: In tracklevel fusion each sensor has its own processing pipeline to generate
object hypotheses from raw sensor data. The generated tracks are then combined into a global
representation using matching algonits. Thus, compared to the detectiewel fusion, in track

level fusion the matching is done at trajectory lep&l]. An example of a traclevel fusion
architecture is shown iRigure®6.
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Figure 6. Track-level fusion building blocks. Each Sensor applies its own processing chain.
The track-level fusion aggregates these object hypotheses into a common representaitj.

Generally, the less aggregated the data to be fused the bigger is the potential of data quality
improvement by a good data fusion technique. The reason is that the later the stage, the higher is the
level of data aggregation and the more dat@st before fusion. Further, compared to Iovesel

fusion, tracklevel fusion algorithms typically cannot provide guarantees such as Bayes optimality.
However, depending on the application scenario, tkae#l fusion schemes may be advantageous

over lower-level fusion because individual sensors operate separately, thus reducing the
computational load at the fusi@entreas well as the communication bandwidth.

2.1.1.3.2Integration of CPMs into fusion architecture

The CPM definition imposes no requirementsreattime capabilities of the network transmission.
Thus, messages may be received with a significant delay or evaf-anater. Further, the CPM
contains processed sensor data on seesor basisAs consequence, the data shared via CPM can
only be inegrated at the detectidevel or tracklevel. A detection/trackevel fusion scheme is
therefore the most feasible approach.

Independent of the concrete system architecture, fusion systems typically apply probabilistic
reasoning. In this regard, the CPMfidition contains all relevant sources of uncertainties. Both,
sensor and reference position and orientation are contained in the message definition. Based on this
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information, sensor output of one I9SScan be incorporated into the system state of dif®Ss

Both fields have an uncertainty attached to them in form of a 95% error quantile with respect to the
ITS-S coordinate system. Depending on actual sensor characteristics, these quantiles may represent
a significant simplification compared to thedruncertainty representation. The 95% error quantile
characterises a covariance matrix with only diagonal entries, thus capturing the variance along the
coordinate axes of the reference system. If the actual sensor coordinate system is misaligned in
rotation, the covariance in the reference system likely containdiagional entriesCovariance is
calculated by sensor measurement uncertainties (e.g. pixel, distance, or stereo triangulation
uncertainty) plus systematic errors due to extrinsic sensor nm#igt. For cameras with large
uncertainty in deptlthis may cause crude approximations.

Some sensors may not be able to measure all the fields in the CPM definition directly, in particular
velocities and accelerations. While it is often possible to estimarresponding values through
Bayesian filtering, this must not hold for all sensor configuration. fiunknowno val
allowed (as e.g. some parameters within the CPM are optional), such a case could be handled by
setting the associated uncentgito infinity or a numerical approximation.

Care should be taken thirespect to which data is senit by individual ITSS. In order to prevent
sensor data to be integrated multiple times into the fusion algorithm (this would lead to
undeestimated covw@ances), the serdata should not include information which was previously
received from another IFS. Therefore, each ITS may only send the object hypotheses of its
individual sensors, not the fused system representation that includes informatiatHeoriT SSs

2.1.1.3.3Sensor fusion at inductive loop infrastructure

Low-level fusion takes place at this type of infrastructure as well. As desanilsedtion2.1.1.2.1

the inductive loop detectors analyse the ehsignatures in more detail to draw conclusion about
presence (profile value above threshold) and speed (comparing time difference of reference point on
double loop).

More interesting is the fusion between different sensors, these can even be sehsasarokttype.

On intersections with an adaptive control algoritthh er e i s usually a fAque
the arrivals upstream of the intersection towards thelstepand heuristics with loops on the stop

line to conclude a vehicle has passedstopline. The most challenging aspect is the estimation of
the turning ratiods, since upstream only a gl
straight or left. This means sttipe detectors have to be monitored continuously to concludghwh
direction vehicles are going. An example of a queue model is shown in the figure below:
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ing I:ar8| |Entry detecmrl

Time to stop line (s)

Figure 7. Example of shiftregister as queue model.

Vehicles enter the model when they pass the entry detector and every second shéyedrene

cell to the left, representing getting one second closer to gratithe stolne. The leftmost cell
represents the amount of vehicles waiting at the stop line. Once a vehicle passes the stop line,
generally during a green phase, one vehghubtracted from this cell.
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When two different sensor technologies are combined-trSJCooperativelTS) messages are
received, a different kind of fusion technique is required. For exanvplen a vehicle transmits a
CAM message from which it can lsencluded it is at a distance of 4 seconds to the stop line in Q4
in Figure7, a fusion algorithm has to decide which vehicle in the queue model matches the CAM
data. When £AM is also sent with car following distan¢gee CAM exensions of the TransAID
project at D 5.14]), this will be easier, as there is no vehicle ahead of the vehicle in cell 3, while
there is one vehicle ahead of the one in cell 5. In Trans&iBse fusion algorithmbkad tobe
desgned and implemented, especially for the motorway merging service, which requires accurate
data of the approaching traffi€his is further described section2.2.1.1.1

2.1.2Existing studieson collective perception

Different stulies have explored the potential of sharing sensor information for collective perception.
For example[23] and[24] were some of the first studies focusedaoalysingdifferent sensing and

fusion tetiniques. In these two studies, the raw sensed information was directly exchanged between
vehicles. Alternatively, Kimet al [11] investigated the exchange of raw sensor data, processed
metadata (e.g. lane information represédnin 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 minimize the bandidth required for collective perception and reduce the latefi2%yj
investigated the concept of sharing detected object data instead of raw sensor data. In this study,
authors experimentally evaluate through field tests @ir@simission latency and range for different
message sizes and rates. In addition, the study proposes a fusion architecture that includes a local
fusion function (to process the egehicle sensor data) and global fusion function (to processes the
object daa from different ITS stations) aimed at minimizing the amount of information to share.

Guntheret al [12] extended the message concept proposddahfor collective perception with
different cantainers in order to specify the detected object parameters, sensor configurations and the
characteristics of the transmitting vehicléhe receiving vehicleisedthis informationto perform

the coordinate transformation atal locate the detected objectBhe efficiency of the proposed
message is investigated with an obstacle avoidance scenario with two vehicles. Theshmesults

that the proposed solution allows vehicles to detect earlier a possible obstruction and hence
improvesthe reaction time to hatel a potential safety risk. The collective perception message
concept proposed if12] was evaluated under different low traffic densitief2®] and high traffic
densities in[27]. Both studies considered differgmtiority queues and Decentralized Congestion
Control (DCC) mechanism28] with five different level of congestion states. Each state holds a
specific packet transmission interval ame tstate transition is performed based on the measured
Congestion Busy Ratio (CBR). In additionyo message variants were configured to share the
collected perception information among V2X enabled vehicles. The first variant includes CAM and
EPM (ExtendedPerceived Message) that are transmitted pairwise, and the second variant extends
the CAM message by adding collective perception related data fields. These studies analyse the
awareness ratio and channel load for scenarios with different CAVs markeattienatates. From

the results, the authors conclude that the 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 incorperedllective perception information in the existing CAM|

(an extended version) or move collective perception messages from the control channel (where
CAM messages are transmitted) to a service ch4a8agl

Recently, the AutoNET2030 projedB0] has developed a cooperative autonomous driving
technology based on a decentralised decislaking system and incorporated cooperative
perception as one amongst its major servioeisicrease the perception range in the neighbouring
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cooperative vehicles. The project implements the cooperative perception primarily to focus on the
lane change scenario to vigilantly handle the blind spots of the vehicles. For this purpose, the
objectsperceived over the vehicle sensors are transformed into an occupancy grid data using an
occupancy grid algorithm and exchanged with the neighbouring vehicles. As the size of the
occupancy grid data can rapidly grow based on the cell size, grid size andebitell, the
exchanging content mi ght exceed the packet os
ETSI ITSG5 standards. Hence, a rtiahe encoding and decoding algorithm is applied to the
occupancy grid data to fit the information in one packRetoNET2030 proposes to exchange the
occupancy grid data among ITS stations through a new message named Cooperative Sensing
Message (CSM); the CSM is actually derived from extending the standard CAM message.
AutoNET2030 also proposes to broadcast the CSddsages oa service channel to reduce the
channel load of the control channel.

Fanaeiet al studied in31] a transmission rate control mechanism for the collective perception and
proposed an adaptive communication schemedoperative automated vehicles that dynamically
controls the size/length and content of the messages based on the communication channel load. In
the proposed system, the vehicles share a 4madtlution local mapwhich is derived from three
distinctive sairces that include the local sensing modalities, previous environmental knowledge and
processing map data. While the local sensing modalities and the previous environmental knowledge
are obtained from the vehicle itself, the latter is procured from tighin@iiing vehicles. To have a

reliable communication and to reduce the channel load, the proposed system adapts the size and
content of the messages. On the one hand, the system adapts the size of the messages taking int:
account the CBR. On the other hatite system adapts the content of the messages by identifying
the potential known and the unknown objects that can be included in the message. Also, the system
follows a hierarchical structure that includes all the potential unknown objects at the lowest
resolution. Then the messages are filled by the inclusion of potential known objects. If any
remaining space exists in the message, the resolution of the potential unknown objects is increased.
The simulatiorbase study conducted ifidl] shows that the proposed system is able to keep the
Packet Error Rate (PER) below a defined threshold even with different densities of vehicles in the
scenarioGaniet al [32] extend the work presented [[B1] and analysethe 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) communsgcadtd83],
Wang et al investigate collaborative sensiagnongstvehicles assisted by the infrastructure and
V21 (Vehicle to Infrastructure)in particular[33] studies the possibility to utilizé21 to help relay
data when V2V (based on mmWave) hoksight is not available. The obtained results show that
V21 communications should be incorporated to support collective percepspaciallyat lower
penetration rates of connected vehicles.

2.1.2.1ETSI Collective Perception Service

ETSI TC ITS WGL is currently working on the standardization of the Collective Perception Service
(CPS) through the work items DTS/I[F®167 and DTR/IT®0183. The current developments are
described in the Technical Report{84] that will serve as a baseline for the specification of CPS in
ETSI TS 103 324. The document reports the CPM format and its Data Elements, and the current
CPM generation rules. In addition, the document digsufise use of message fragmentation and
segmentation for large CPM messages, and the need to utilize multiple channels to avoid saturating
the control channels the ETSI CPS standardization process is still ongoing, this section depicts
the main ideas #t are being outlined in the CPS drafting sessions and what to expect. However, all
the information provided in thidocumentregarding the ETSI CPS is preliminary and might be
subject to alteration in the final version of thechnical Rport.
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2.1.2.1.1Data Format Specification

The selection of a data format is essential to achieve reliability and efficiency in the CPS. Sharing
raw sensor information is a simpler and straightforward approach but can create compatibility
problems when shared among different tecbgek or vendor providers. In addition, sharing raw
sensor data consumes much higher channel bandwidth due to the large data size. To address thest
i ssues, the ETSI 6s CPS considers sharing the
using abstracteghumerated) object descriptions. The object description also includes information
about the object dynamic state, geometric dimensions and time references. This common/standard
format seeks eliminating compatibility issues. It also enables the classificdtobjects and the
establishment of priorities and therefore the possibility to filter out objects that are redundant or
unnecessary.

A key process to enable the object identification and classification is the feature extraction (e.qg.
edge detectionHo we v er , the mechanisms and technol og)
extraction is not discussed in tiechnical Reportas it is considered beyond the scop&di S1 0 s
CPSstandard. Another important aspect of the format specification is theoteois whether to

share in@szidual objects detected by each sensor or to fuse the sensor data and share common
objects at once. The former will avoid further processing delays, but it will incur a higher channel
utilization due to the redundancy in thensaission of the same object detected by different
sensors. The latter contrarily performs the fusion operation and derives a single object description
for the detected object with the cost of higher computational complexity and delay.

Further, the sensdusion process itself can be performed either atlexel or highlevel. In low

level object fusion process, the raw sensor data from multiple sensors are fused directly In high
level object fusion process, the raw sensor data is processed individuallthe obtained object

data is later fused based on the 4¥3nanufacturer specifications. Theechnical Reporthas
preferred lowlevel fusion process over higavel fusion process. As different manufactanmay

have different fusion specifications, thgherlevel fused object dynamics may be ermmone. For
example, the obtained objects may differ in the-traensional spatial information which may
affect the coordination process at the receiver node.

The processing of the detected objects atrdoeiver side ab influences the data formdtor
example, the dynamics of the detected objects are derived at the receiver side based on the local
coordinates of the originator stations. This demands a coordinate transformation process to be
integrated faithe receiver side to map the received object descriptions onto its local coordinates
system. To make the local coordinates of the originator stations available at the receiver node, they
need to be added in the message. Additionally, to increase thr@ormmess of the detected object
descriptions at the receiver node, information about the sensors utilized by the originator station and
their capabilities is also integrated in the message.

2.1.2.1.2Message Format

The current structure of the CPM includes an AU (Packet Data Unitheader and 4 types of
containers (as shown figure 8): a ManagemenContainer, a Station Data Container (these two
containers form the Originator Station Container (OSC)), one or more Sensomdhfor
Containers (SIC), and one or more Perceived Object Containers (FRB3LCs)he ITS PDU header

was specified if35] and includes Data Elements (DE) such as the protocol version, the message ID
and the station ID. The Management Container (MC) is mandatory in the CPM and provides basic
information about the originator station including its position and type. The Station Data Container
(SDC) is optional and includes additional information aboutdhginator. It differentiates the
originator vehicle and RSU and specify its additional properties. The Sensor Information Container
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is optional and includes details about the sensor properties. The Perceived Object Container is
optional and specifies tlidynamic state and properties of a detected object(s).

CPM

ITS PDU . .
Header Callective Perception
Ge’? Delta CPM Parameters
Time
Originator Station Containgr
Station Data]
Managemen Container _
Container (optiona) Sensor Sensor Perceived Percgwed
— . . ) Object
Originating|| Information Information Object Container
Vehicle Containerl | ***| ContainerlO| Containerl | """
Container |[ (optiona) (optional) (optional) 2.55
——— (optiona))
Originating
RSU
Container

Figure 8. CPM General Structure (ETSI TR 103 562v0.0.15

2.1.2.1.2.10Originating Station Container

The OSC includes properties and specifications aboutripmating ITS station that is required at

the receiver ITS station to perform the necessary sensor data fusion and the coordinate
transformation process. The OS®ntains a MC and an SDC container. The MC contains
information about the originator ITS &tan reference position and provides the horizontal position
accuracy with a predefined confidence level. It also contains the Station Type that informs about the
type of the originator ITS station as specified38] and thatcan bea vehicle oraRSU. The MC

also includes the Action ID that is used to identify a set of objects distributed in consecutive CPMs
and enables to track the objects in space and time.

Since both the vehicle and RSU ITS stations can generate the B@BDC is defined as a choice
between the Originator Vehicle Container (OVC) and Originating RSU Container (ORC). In case of
vehicle ITS stations, the OVC contains mandatory and optional Data Fields (DFs) to describe the
attributes of the vehicle dynamissich as heading, speed, angle and many more. In case of RSU
ITS stations, the ORC has the choice between two DF parameters: Intersection Reference ID or
Road Segment ID. These DF parameters are derived from the existingMWIARAP (topology)
Extended Mesgge) [36]. These parameters are useful for the receiver ITS stations to match the
received object dynamics to the geometric boundary of the defined intersection or road segment.

2.1.2.1.2.2Sensor Information Container

The SIC describes tteensing capabilities of the originator ITS station. The SIC is used by the
receiving ITS stations to derive the areas that are currently sensed by the originator ITS stations. A
SIC includes the ID of a sensor, its type (R§DAR, LIDAR or a sensor fusiosystem) and its
detection area, among other Data Elemdn#dso specifies whether the sensing capabilities of the
originator ITS station are from separate sensors or collectively from the sensor fusion. In the first
case, th&ICis recurrent for eackensor type and its sensing capabilities are reported individually.
In total, a maximum of ten unambiguoBKC can be added in the CPM to report individual sensor
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properties. In case of sensor fusion, a sig(@is incorporated in the CPM and the gehsemsing
capabilities of the collaborative sensors are reported.

The Data Fields included in the SIC are differentiated by two attributes namely Sensor Entry and
Sensor DetailsTable1). The Sensor Entry is commancludes the Sensor ID that defines a unique
identifier, and the Sensor Type defines the type of sensor or the fused information. The Sensor
Details subfield has a choice between defining the sensor properties of the vehicle (Vehicle Sensor)
or RSU statios (Station Sensor Radial). These DFs specify the sensor measurement regions
through defining sensor mounting position, sensor range and sensor opening angle. Other optional
DFs in theSIC are the Stationary Sensor Polygon, Stationary Sensor Circulagn@tgt Sensor

Ellipse or Stationary Sensor Rectangle that specify the position and respective regions of sensors for
objects detection. These optional DFs are particularly useful when several separate sensors are
combined and projected as a single sensmiute.

Table 1. Sensor Information Container (ETSI TR 103 562v0.0.15)

Container Data Fields (DF) / Data Elements
(DE)

Sensor ID

Sensor Type*

Vehicle Sensor

Sensor Information Container Sensor Stationary Sensor Radial

(SIC)” Entry Sensor Stationary Sensor Polygon
Det a Stationary Sensor Circular
Stationary Sensor Ellipse
Stationary Sensor Rectangle
* Optional y Cho

2.1.2.1.2.3Perceived Object Container

The POC is optional andescribes the dynamic statad properties of the detected objedtak]e

2). This container includes the sequence of Object Data elements that includes various mandatory
and optional fields to describe the abstract dynamic properties of the individual dietejetet. A

new POC is added for every detected object and a maximum of 255 POC containers can be added in
the CPM. The Object ID DF in the POC provides an identifier for the individual detected object that
can be used for tracking purposes. The Sens®@HIn the POC specifies the corresponding sensor
information that detects the object. Other mandatory DFs such as the Time of Measuaminent
Distance providethe state and space information of the detected objects with respect to the
originator station rerence point. The receiver is responsible to perform the process to transform
the detected object dynamics with respect to its reference points. To classify the type of the detected
object, a Classification mandatory DF is added in the POC containeraBep&onal DFs like

Object Age, Object Confidence, Speed, Acceleration, Yaw Angle, Dimensions, Dynamic Status and
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Matched Position will provide a more detailed description of the detected object and enable the
receiver to coordinate and track the detéabject in a threeimensional space.

Table 2. Perceived Object Comainer (ETSI TR 103 562v0.0.15

Container Data Fields (DF) / Data Elements (DE)

Object ID
Sensor ID
Time of Measurement
Object Age*
Object Confidence*
Distance
Speed*
Acceleration*
Yaw Angle*

Perceived Object Container (POC Object Data

Planar Object Dimension*
Vertical Object Dimension*
Object Ref Point*
Dynamic Status*
Classification

*Optional

2.1.2.1.3Message Triggering Conditons

The CPM generation rules define how often a CPM is generated byigiheator statiorand which
information (detected objects and sensors information) is included in the CPM. Periodic and
dynamic policies are being investigated and discussed asf plagt ETS| standardization process.

The periodic policy generates CPMs periodically evErgsenCpmin every CPM, theriginator

station includes information about all the objects it has detected. The CPM should be transmitted
even if no objects are deted. The periodic policy is being used as a baseline in the standardization
process to compare its performance and efficiency with more advanced policies such as the dynamic
one. With the dynamic policy, thaiginatorstation checks everlyy GenCpmf 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 a new CPM if it has detected a new
object, or any of the following condns are satisfied for any of the previously detected objects:

a) lIts absolute position has changed by more than 4m since the last time it was included in a
CPM.

b) Its absolute speed has changed by more than 0.5m/s since the last time it was in@duded in
CPM.

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

All new detected objects and those that satisfy at least one of the previous conditions are included in
the CPM. If no object satisfies the previous conditions, a CPM is stiirgead every second, but

only including the Management Container, the Station Data Container and the Sensor Information

Containers (i.e. without any Perceived Object Container). It should be noted that these CPM
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generation rules are an adaptation of theMC@eneration ruleg14] for detected objects. In
addition, these generation rules are preliminary and only a first proposal (hence subject to possible
changes in the final specifications) that must be now carefoliyysedo understand its road traffic

and communication implications.

2.2 First Iteration

2.2.1TransAID Sensor Fusion

This section discusses the approach chosen in TransAID for the sensor fusion. Separate subsections
discuss the road infrastructure at motorways witiT € data,camera sensor fusion and vehicle
sensor fusion.

2.2.1.1Sensor fusion at the infrastructure

2.2.1.1.1Sensor fusion for motorway approach models

The merging assistant service in TransAID requires an accurate model of a section of approximately
1500m of motorway. This is deonstrated irfFigure9, which is taken fronthe TransAID Service 2
described irD4.1.

Figure 9. Detection area for gap selection for AV (red), LV (blue) and infrastructure assisted
C(A)V (green).

New vehcles entering the motorway onramp get a gap assigned in the green area, which is a much
bigger range than the red for CAVs without infrastructure assistance, or the blue estimate of what
human drivers can oversee in LVs. After the gap selection, thele®lkeep being monitored to
further guide onramp vehicles up to the merging area when they have changed lanes.

The model designed to support the merging assistant takes three data inputs and fuses them
according to a certain hierarchy. This is illustrate&igure10:
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Figure 10. Traffic model for merging assistant

The model starts with data from traditional sensors that can measure speed and occupancy. These
are mar ked arssoieint rtyhedediexgroam and are wusuall
only measure presence. Because they are double loop detectors at a small known distance, the spee
can also be measured. Once a vehicle leaves such a sensor, it is processed afoathentrgdel.

Then every time step the vehicle is moved closer to the merging area according to its speed, keeping
constraints of minimum following distance into account. This results in the base model in the
figure.

A major problem with this base moda that the speed is assumed constant, while in reality
especially human drivers vary their speed. Therefore, once C(A)Vs get in range of the RSU and
CAM messages with speed and position data are received, corrections can be made to the model.
The positionof the C(A)V is compared to the positions of the vehicles in the base model and the
closest is selected and subsequently flagged as C(A)V for future data fusion purposes. This is
illustrated inFigure11 below:

JC I

—p

- = = — — -, — -
T -

= dz

Figure 11. Data fusion of CAM with base model

For example, when the base model indicates there is one vehicle at 500m from the merging area and
one at 520m and a cooperative vehicle is detected at 505m, then the distance to the firstyehicle,

is 5m whiled; is 15m and it is likely the first vehicle is the C(A)V of which data is received. The
data fusion also needs to define a maximum deviation before a new vehicle is created. Loop
detectors have an accuracy of arouneb9%, depending on theaimtenance state, so detections

can be missed. Therefore, if there are no vehicles within the error margin, an extra vehicle will be
created in the base model with the cooperative flag set. This flag is essential for future updates of

the CAM message, begse it links to thestationlDand t he model doesndt ne
every time a message is received. This results in frequent updates to the speed and position for CVs.
A problem is that CVs donodt i ndicaracy o thafisieg r c
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algorithm. This is why the red measured vehicle in the figure is not yet placed in one of the lanes.
Speed can also be a factor for the selection as it is unlikely for a fast vehicle to be on the outer lane
when there are slower trucksthe model at that position. With more than two lanes, however, this
becomes significantly harder. For CAVs, the current lane and the distance to the surrounding
vehicles can also be updated. This makes data fusion easier and the relative distahee to ot
vehicles is interesting to acquire data about unequipped LVs around. These concepts together result
in the enriched model of the figure.

As a last stepa tracking sensor is used to monitor the situation close to the merging area. This
sensor has spegposition and current lanieformationfor all vehicles which will therefore give a
complete model. This sensor is, however, expensive to install and maintain, so it is only used in the
area where it is really necessary. With higher penetration rat@@y¥s the sensor is probably not
required anymore. Data fusion of this sensor with the other data is implemented with the same
principles. CVs with uncertainty of their current lane can be matched exactly according to their
position, while LVs follow theprinciples of selecting the closest in the model, or creating a new
vehicle. Lastly, this model also enables removing of LVs that were expected to be around, but are
not there anymore. Vehicles will be held at the edge of the detection zone for a fedsdesione

being removed from the model.

This concept is further demonstratedrigure12. Att = 0 a new vehicle is detected by the tracking
camera at the left lane. At that momeartother vehicle was close to it, so this wasyda fuse. At t

= 1, a vehicle on the right lane reaches the monitored area, but the tracking camera does not see it
yet. Therefore, until t = 3, the vehicle is held there in the model. The vehicle behind it, is also held,
but at a larger distance to keegalistic and safe car following distances in the base model. Att =4
(not in the figure) the™ vehicle would have reached the monitored area and at the same time the
other vehicle timed out and is removed. At t = 7, (last situation in the figureyattteng camera

detects a vehicle on the right lane, which is fused with the only remaining vehicle that was held at
the edge of the monitored area.
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AT

Figure 12. Data fusion concepts with tracking camera

2.2.1.1.2 Enabling sensor fusion with road-side camerainfrastructure

The camera RSU generates object trajectories from video sequences, converts them into station
relative 3D coordinates and generates CPM to publish them via V2X. As illustraftégline 13,

input is a sequence of camera images which aretireal processed by object detection and
tracking modules. First, thebject detectiormodule generates hypotheses about objects as cars,
cyclists, or pedestrians being denoted as bounding box with confideneeinahe image frame.

The following moduleoptical flow estimates image feature point trajectories describing the visual
movement characteristics of visually trackable (i.e. textured and identifiable) image regions around
these points. Together with théject bounding boxes, thabject trackingmodule combines them

into object trajectories, which means unique-){dentification of objects over time and the
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estimation of their trajectories in the image frame. Finally,thekprojection module generates
metric and scaled 3D object trajectories relative to the RSU. For this, intrinsic and extrinsic camera
calibration is required. Based on this 3D object dataMV®€ communication interfads used to
generate and transmit e.g. CPM.

] . Bounding Box .
! » -
Object Detection ' (Image Coords)) >» Optical How
\ 4 \ 4
Bounding Box Point
3D Back-Projektion <€ +ID <« +  Object Tracking < ] .
Trajectories
(Image Goords.)

\ 4

clel=clneliny | V2XCGommunication
Box+1D i Interface ‘
+ Trajectories

Figure 13. Overview of the infrastructure-based software components.

A visualization of the output is shown ligure14. The image shows object detection together with
color-coded unique identifierthat will remain over time for each object. With the usage of optical
flow measurements and subsequently the prediction of visual movements, detection errors can be
compensated. For example, the cyclists in the lower right image region (IDs 47, 145rel77) a
successfully tracked also on partly occlusions while they are moving lhedwnbdo a queue of

driving and parkdcars.

Figure 14. Road intersection scene with identified and tracked objects overlay.
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2.2.1.1.2.1Object detection

Curren stateof-the-art methods are based on Convolutional Neural Networks (C[8¥E)Within

the overall system, a software module was integrated which uses CNNs by using the TensorFlow
Object Detection AP[38]. This library is a widely used deep learning framework, and the pre
trained models provided are within a wide spectrum between efficiency and acdticarg.15

shows the output of two CNNs of different complexity. In thepempimage, a rather small
MobileNetV1with a run time of 56 ms (for this image) is used. The lower image shows the output
of ResNet 10With a run time of 106 ms. The latter network is slower but can detect all the objects.

- e —

Figure 15. CNN-based detection result with backboneViobileNetV1 (upper image) and
with backbone ResNet 10Xlower image). Image source: KITTI datase{39].

2.2.1.1.2.20ptical flow

This module generates feature point trajectories over thgdaraequence. The implemented method

is based on the feature detector FA8T] which is applied on every image. For every significant
image point (i.e. with rédentifiable region around the coordinate), the trajectory is tthaea

new trajectory is initialized if the feature point is new. Features too close to existing trajectories are
suppressed to limit its number. Additionally, feature identification can be limited to image regions
of interest, i.e. where object hypothesist. This leads to further reduction of computation time.
Optical flow, i.e. tracking from image to image is computed with the fast Likiaaade method

[41] or with dense optical flo42]. In bothcases, optical flow vectors are validated by backwards
tracking. If tracking becomes unconfident, the feature point trajectory is terminated.
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Figure 16. Color-coded visualization of feature point trajectories of aruck and a gclist.

2.2.1.1.2.30bject tracking

Goal of this module is the estimation of object correspondences over time and the generation of
unique identifiers for every object such that the shigiagebased detections can be combined to
trajectories over time. The task nisodelledas optimization problen43] which is illustrated in
Figurel17. For a given input sequence, a graph is created where each detected object corresponds
with a node. A source (s) and sink (t) is adddtch correspond to start and end of each trajectory.
Thus, every 4-path is one possible object trajectory. Since the number of objects is usually
unknown, the solution of this object tracking problem is the set ofonerlapping g-paths with

minimal cost. The constraint that the-paths must not overlap ensures that each object is given
maximaly one identity.

 uges Pl

e 4

Figure 17. lllustration of a network flow graph over a sequence of three images (i.e.
timestamps) with two deteted objects. For every object, a node is added to the graph. Edges
between nodes are possible object transitions between the images.
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The goal is now to find an optimal solution with minimal cost. Such mingosi problems can be
exactly solved in polynoral time. For the existing graph structure (no loops, edges with all the
same direction), fast methods are existing that can solve the problem in linear time depending on
the length of the image sequerjdd]. The performance imainly depending on the quality of input
data (i.e. true positive object detection) and the precision of the cost function within the
optimization.Figure 18 shows two detections of the same person in different images and illsistrate
how the transition cost can be calculated depending on the point trajectories from optical flow
estimation. With the assumption that object detections from different images do likely refer to the
same physical object if many feature point trajectories vaithin both object boundaries, the
(inverse) cost isnodelledas the amount of feature points that lie in the same corresponding object
bounding box.

=
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Figure 18. Calculation of movement cost terms. Object bounding boxes do poably refer to
the same person if many optical flow vectors (i.e. visible movements in the image frame,
marked as arrows) begin in one box and end in the other.

2.2.1.2Sensor fusion at the vehicle

The TransAID projectemploys a hybrid sensor fusion strategy whiontains a lowevel LIDAR
fusion module and an objelgvel fusion module The lowlevel fusion module transforms the
sensor data of multiple laser scanners into a common coordinate system. Théewbjdasion
module fuses Hvehicle sensor data witcollaborative perception data from V2X messades.
overview of the processing pipeline is shownHigure 19. In the following we give a brief
description of the processing modules in this figure.

Low-level Data FusionThe velicle has multiplelaser range finders (mounted at t framdrear).

The data acquired from these sensors is transformed into a common sensor coordinate
representation within the loVevel data fusion module. This transformation is performed based on
extrinsic calibration (sensor position and orientation) which is available through a scene graph
representation of the entire vehicle setup. Thelmwel data fusion module is also responsible to
filter ground readings from obstacle readings. Ground readmegdrapped from the point cloud as

they imposeno threat to vehicle automation

Background Subtraction The registered obstacle point cloud is passed from thdelogd data
fusion module to a background subtraction module. This module identifies dynammicsfatic
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obstacles via scan matching: At each time step, the current point cloud is registeredadgaanist

map constructed fronpoint cloud obtained at the previous time stepsing a variant of the
Iterative Closest Point algorithd5] with initial guessaken from the egtocalization preided by

a realtime kinematics device. Based on a configurable minimum object velocity, point
correspondences between the map and the current scan are established using nearest neighbou
search. Using this procedure, points with correspondence in the map are marked static and points
without correspondence are marked dynamic.

Clustering & Tracking The clustering and tracking module partitions the cloud of dynamic points
into clusters. In aler to estimate object velocities, these point clusters are tracked over time using a
Kalman filter. The final object hypotheses are formed by fitting an oriented bounding box to the
raw point data.

Object-level FusionThe object level fusion module takeacks from multiple sensor sources to
construct a global track seit this stage, objects froitie in-vehicle sensor are fused with objects

of other vehicles transmitted via V2X perception messagesTransAID projects implementing

a method based od6] to establish tracko-track correspondences using a greedy lsearch
Objectlevel fusion operates at a fixed update ratdich can be different from the update
frequency of different sensors. However, as individuaseesources transmit full kinematic states
(position, velocity, acceleration) rather than raw sensor data, trajectories of individual sensors can
be interpolated or extrapolated to deal with asynchronous update frequencies.
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Figure 19. Overview of the TransAID project vehiclesensor fusion architecture
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2.2.2Performance evaluation of ETSI Collective Perception

As part of the work that is being conducted in TransAID to contribute to thédESS CSPeS

Annex A), this section shows an-gtepth evaluation of the operation, communications performance
and perception capabilities of the different collective perception message generation rules proposed
in the ETSI CPS standardizati{@4] through simulations usingS-3. We have extended ti¢S-3

with a CPS component and differeat-board sensors. The CPS component implements the
periodic and the dynamic CPM generation rules. Two different periodic policies with 10Hz
(T_GenCpm0.1s) and 2H (T_GenCpm0.5s) have been considered as a baseline in this study. In
the dynamic policy, thd _GenCpnparameter has been set to 0.1s, so that the maximum CPM rate

is 10Hz. The CPM size is dynamically calculated by the transmitting vehicle based omiber nu

of containers in each CPM. The size of each container has been estimated offline using the current
ASN.1 definition of the CPM34]. To this aim, we have generated' $€andarecompliant CPMs.

Table 3 reports the average size of the containersdhatised in this study. In our scenario, each
vehicle is equipped with two emoard sensor®oking forward[34]. Sensor 1 has 65m range and a

field of view of +40 dgrees. Sensor 2 has 150m range and a field of view of £5 degrees. The sensor
shadowing effect (sensor masking) is implemented in thebayie, and we assume that the sensors

can detect only the vehicles that are in their tof&ight (LoS) [33]. We assume that the objects
detected by the two sensors are fused.

Table 3. CPM Containers

CPM Container Size

I TS PDU heade
Management Cc

121 Bytes
Station Data Container

Sensor Information Containe 35 Bytes

Perceived Object Containe 35 Bytes

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

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 bastatistics of a typical-Bane US highway
obtained from the PeMS databd48]. We analysedhe lanes speed of the highway for every hour
within a single day and took the average speed for each individual lane. Vehicles oraated
simulations have the dimension of 4.8m x 1[&3]. To avoid boundary effects, statistics are only
taken from the vehicles located in the 2km around déwetre of the simulation scenario. The
configuration of the scenaris summarized ifable4.

TransAID | [».2 |Connectivity and Signalling Pag.39



ART-05-20167 GA Nr 723390 | TransAlD Transition Areas for Infrastructu#ssisted Driving

Table 4. Scenario parameters

Values
Parameter
Low traffic density High traffic density
Highway length 5km
Number of lanes 6 (3 per driving direction)
Traffic density 60 veh/km 120 veh/km
1410m/ h 70 km/t
Speed per lane 132 km/ 66 km/t
118 km/h 59 km/h

All vehicles are assumed to be equipped with an@®B3ransceiver (100% penetration) and operate
in the same channel. The propagation effectsnasdeled using the Winner+ B1 propagation
model following 3GPP guidelindd7]. The communication parameters are summarizdalinte5.

Table 5. Communication parameters

Parameter Values
Transmission power 23dBm
Antenna gain (tx and rx) 0dBi

Channel bandwidth/carrier frec 10MHz / 5.9GHz

Noise figure 9dB
Energy detection threshold -85dBm
Data rate 6 Mbps ( Q

2.2.2.10peration

Beforeanalysingthe performance and efficiency of each CPM generation policy, it is necessary to
understand their operation. To this aim, we focus first on the dynamic péigtye 20 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 omythamics (e.g. an
object is included in a CPM every 4m). The speed of vehicles is higher for low traffic densities than
for higher ones. As a result, vehicles satisfy more frequently one tifrfeconditions specified in
Section2.1.2.1.3for the dynamic CPM generation rules (i.e., absolute position changes by more
than 4m;absolute speedhanges by more than 0.5m/s; 1 second dineéast CPM transmitted)
Hence, vehicles generate more CPMs per second at low denskigar¢ 20.a) than at high
densities Figure20.b). However, not all vehicles generate CPMs at the same rate in a given traffic
density scenario since the speed limit varies per laakel€4). It is interesting t@nalysewith more

detail the high traffic density scenari&igure 20.b). As previously mentioned, the higher the
density the less CPMs are in general generated per vehicle since theytttawadraspeeds. The
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vehicles that travel in the higher speed lane move at 70km/h or 19.4m/s. They will then change their
absolute position by more than 4m every 0.21 seconds. Vehicles that detect this tbieange
generate a CPM at 4.8Hz on average. HoweWgyure 20.b shows that there are vehicles that
transmit 610 CPMs per second. This is because a vehicle generates a CPM as soon as one of the
vehicles it detects changes its absolute position by more than 4m. If the detectess\wadtacige

their absolute position by more than 4m at different times,otiginator 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 scenafigire20.b). It is also important to emphasize that

the frequent transmission of CPMs reporting information about a small number of detected vehicles
can result in a loss of efficiency due to a higher number of channel access attemptiiaddnte
headers. Such efficiency might be improved by grouping in a single CPM the information of several
detected vehicles in a short period.

0.5 E 0.5
0.4 1 0.4
0.3 1 0.3
4 . |
0.2 Y. ]
Oll —‘ ‘7—‘ | 0.1 —‘ |7—‘
ol ) ]
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
CPM generated per second (Hz) CPM aenerated per second (Hz)
(a) Low traffic density (b) High traffic density

Figure 20. PDF (Probability Density Function) of the number of CPMs generated per second
and per vehicle with the dynamic policy.

Figure21 represents the PDF of the number of objects included in each CPM for the periodic and
dynamic CPM generation policiemder 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 @M al
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 mojecisb(i.e. vehicles in our study) are
detected. HoweveFigure21 shows that the traffic density does not significantly affect the number

of objects included in each CPM with the dynamic policy. This is because the speed ofsvehicle
decreases with the traffic density. As a result, vehicles change their absolute position by more than
4m less frequentlyTherefore even if we detect more vehicles due to the higher traffic density, the
status of a detected vehicle needs to be repantedCPM less frequently. The obtained results
clearly show the benefits of the dynamic policy since it can adapt the number of objects included in
each CPM to the traffic density and speed.
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Figure 21. PDF (Probability Density Function) of the number of objects included in each
CPM with the dynamic and periodic policies.

2.2.2.2Communications performance

This section evaluates the impact of the CPM generation policies on the communications
performance. To this aimJable 6 shows the averagehannel busy ratiexperienced 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 decrep#s On the one handlable 6 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 dyndioyc gemerates
intermediate channel load levelgaple6) in line with the results depicted Figure20 andFigure

21. These results showed that the dynamic policy generates betweehld £PMs per second,
approximately, and reduces the number of objects per 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 periodiicyg at 10Hz.Table6 also shows that the channel load

and CBR increase with the traffic density. However, lower increases are observed with the dynamic
policy than with the periodic ones. In particular, an increase in the tdaffisity augments the CBR
experienced by the dynamic policy by a factor of 1.6, whereas it increases by factors of 2.2 (2Hz)
and 1.9 (10Hz) for the periodic policies. This is again due to the same trend obsdfigrda21.

When thetraffic density increases, the speed of vehicles decreases and vehicles change their
absolute position by more than 4m less frequently. As a result, vehicles generate less CPM
messages. Therefore, the impact on the CBR with the traffic density is lavike fdynamic policy

than the periodic ones.
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Table 6. Average CBR (Channel Busy Ratio)

Policy Traffic density CBR

o Low 7.4 %
Periodic at 2Hz _

High 16.5%

o Low 334 %
Periodic at 10Hz ,

High 63.6 %

) Low 25.4 %
Dynamic )

High 41.0 %

Thechannel load or CBR has an impact on the PDR (Packet Delivery Ratio). The PDR is defined as
the probability of successfully receiving CPM as a function of the distance betweangthating

and receiving vehiclegrigure 22 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 also be degraded due to packet collisionSesemacter

when the channel load is high. This effect is highlighteHigure22 where the arrows indicate the
degradation of the PDR as a result of an increase of channel load and packet collisions when the
traffic dersity increasesTable 6 already showed how the channel load increases with the traffic
density. The resulting PDR degradation observegignre22 is hence a consequence of the trends
observedn Table6. Following these trend$igure 22 shows that the periodic policy operating at

2Hz achieves the highest PDR and the policy at 10Hz the lowesFignee22 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 oértain CPM messages without degrading the perception capabilities of
vehicles.
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Figure 22. Packet Delivery Ratio as a function of the distance between transmitter and
receiver.

2.2.2.3Perception capabilities

This sectionanalysesthe perception capabilities of vehiclasnder different CPM generation
policies.First, we definethe Object Awareness Ratio as the probability to detect an object (vehicle
in this study) through the reception of a CPM with its information in a given wmdow. We
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consider that an object is successfully detected by a vehicle if it receives at least one CPM with
information about that object within a given time windd@wen, we compute th©bject Awareness
Ratiofor three different time windows (i.e. 1s, O&sd 0.1s)Figure23 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 pdictethe two traffic densities.

The results obtained iRigure23 show that when the time window is equal or higher than, @lbs
policies achieve a high object awareness ratio (higher than 0.987) up to 30Fig(se3 from a

to d) independently of the traffic density. As showrFigure23.b andFigure23.d, beyond 350m,

the awareness ratio degradender higher densities for the dynamic policy and the periodic policy

at 10Hz. This is the case because of the higher BEI¢6) and lower PDR levelsF{gure22)®.

On the ¢her handFigure 23.a andFigure 23.c show that from 350m a higher degradation of the
awareness ratio is observed for the periodic policy at 2Hz under low traffic densitiesis Thi
becauset 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 since it is not dependent on tiammel load. However, propagatiorsdes affect

more negatively the Object Awareness Ratio for the periodic policy at 2Hz since this policy
transmits less CPMs. To further study these efféatgre 23.e andFigure 23.f show the Object
Awareness Ratio for all the policies when the Time Window is set to 0.1s. In this case, the periodic
policy at 2Hz cannot achieve a high Object Awareness Ratio performance even at short distances
due to the low number of CPMs generated per sec®hd results reported iRigure 23.e and
Figure23.f show that only the periodic policy at 10Hz can achiev®hject AwarenesRatio close

to 1 at short distances under this scenario. The dynamic policy, compromises CPM generation rate
to reduce the channel loadable 6) and therefore improwethe communications performance
(Figure22). If we compare the dynamic policy with tperiodic policy at 10Hzwe observe that it
degrades the Object Awareness Ratio but still achieves a performance above 90% and 80% up to
250m and 225m under low and high traffensities, respectivelyor a time window 0.1 seconds
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1t is important to remember that the PDR is calculated as a function of the distance between two vehicles (originating
and receiving vehicles), but the Object Awareness Ratio accounts for objects detected by any vehicle. In this context,
the Object Awareness Ratio might refer to an object that is 300m away from the vehicle receiving the CPM, and the

vehicle detecting the object and sending the CPM might be at 250m for example.
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Figure 23. Object Awareness Ratio as a function of the distance between the detected object
and the vehicle receiving the CPM

The obtained results show that all CPM generation rules provide high Object Awareness Ratio
performance. However, we have seelable 6 and Figure 22 that the CPM generatigpolicies

can generate nemegligible channel load levels that can degrade the communications performance
and affectt he net wor kds scalability. It i's hence |
generation policies generate unnecessary redunddmonyt ¢he present objects or vehicles in our
driving environment.The Object Awareness Ratio is calculated considering all CPM messages
received within the time window. Therefore, it is interesting to analyse the CPMs received that
contain the same objedtigure 24 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 irFigure 24 as a function of the distance between the object and the vehicle
receiving the CPMfor both low Eigure 24.8) and high Figure 24.b) traffic densities The
degradation observed Figure24 with the distance is a direct consequence of the PDR degradation
reported inFigure22. Figure24.a aml Figure 24.b show that the periodic policy at 10Hz provides
around 55 updates (low densifjigure24.a) and 63 updates (high densigure24.b) per second

of the same object at short distances (roughly, for short distances, i.e. PDR close to 1, this would
mean that ~5 or ~6 vehicles are detecting the same object under low and high traffic densities,
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respectively). The dynamic policy caaduce this value to 33 updates (low dendfigure 24.a)
and 28 updates (high densityigure 24.b) per second and object without degrading the Object
Awareness RatidHjgure23).
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Figure 24. Detected object redundancy as a function of the distance between the detected
object and the vehicle receiving the CPM.

Figure24 showed the redundancy generated by the current CPM generation policies from the point
of view of the vehicles receiving the CPMs. To further investighte redundancy of CPM
generation policieg-igure 25 analyses it from the point of view of the vehicle that sends the CPM
messages. In particulaFjgure 25 illustrates the number of updates per second a vehicle receives
about the samobject and that have been transmitted by the same sender. This metric is referred to
as detected object redundancy per sender and is depidtggline 25 as a function of the distance
between the object and thehige receiving the CPMor both low Figure25.a8) and high Figure

25.b) traffic densities Similar to Figure 24, Figure 25 shows that the periodic policy at 10Hz
provides around 6.8 updates (low dendiigure 25.a) and 6.2 updates (high densigjgure 25.b)

per secondf the same object at short distances from the same sender. The dynamic policy can
reduce these values to 4.1 (low density) and 2.8 (high density) updates per second and object
without degrading the Object Awareness Rafigre23).

The results reported iRigure24 andFigure25 show that the redundancy in the periodic policies at
10Hz and 2Hz increases with traffic density. On ¢batrary, the dynamic policy actually reduces

the redundancy with the density. Thidbescauseas the traffic density increaséesh e v ehi c | e s ¢
reduceswhich reduces the CPM generation rate as defined in the generation rules for the dynamic
policy (see $ction2.1.2.1.3. Due to this fact, the dynamic policy can reduce the channel load
(Table 6) and improve the communications performan€gre 22). Despite the gains observed

with the dynamic policy, it is yet an open issue whether the still high redundancy levels observed in
Figure 24 and Figure 25 are necessary for a safeoperative 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
cooperativeand automated driving.
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Figure 25. Detected object redundancy per sender as a function of the distance between the
detected object and the vehicle receiving the CPM.

The value of collective grception or cooperative sensing depends on how timely or fresh is the
information received about th@etectedobjects. A vehicle cannot base its driving decision on
outdated informationFigure 26 plots the time beteen two successivaeceived CPMs 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 both low(Figure 26.a) and high Figure 26.b) traffic density scenario. To further
investigate the timeliness of the received informatieigure 27 plots the distance travelled by
objects betweetwo successiveeceived CPMs with information about the same object or vehicle.

In this case, the metric is named distance travelled between updates and is represented as a functior
of the distance betwedhe object and the vehicle receiving the CPMs for both Brgufe 27.a)

and high Figure27.b) traffic density scenario. It is important to emphasize that the CPMs including
information about the same object or vehicle might be transmitted by different (multiple) vehicles.

Figure26 shows that all CPM generation policies provide object updates beloioblas density
(Figure26.a) and 0.08for high density(Figure26.b) up to 200m approximatelyhesetime values

are reduced to less than 0.04Bidure 26.a) and 0.06sHigure 26.b) with the dynamic policy
Alternatively, Figure 27 shows that all CPM generation policies approximately provide updates of
objects that haveravelledless thard metes (low densityFigure27.a) and 2 meters (high density,
Figure 27.b) up to 250 meters. These valuesluce to 1.6 meters (low densifigure 27.a) and

1.25 meters (high densitjgure27.b) with the dynamic policy. It is important to note that for the
two metrics Figure26 andFigure 27) the objects updates are fresher under high traffic defusity

the periodic policiesThis is because the number of vehicles reporting about the same object
increases with the traffic densitjdlowever, with the dynamic policy the timestiveen object
updates and the distance travelled between updates are increased when the traffic density increases
because vehicles reduce their speed and CPMs are generated less frequently.
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Figure 26. Average 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 27. Average distance travel of an object leveen updates as a function of the distance
between the detected object and the vehicle receiving the CPM.

2.3 Second iteration

2.3.1TransAID Sensor Fusion

This section discusses the approach chosen in TransAID for the sensor fusion. Separate subsections
discuss tk road infrastructure at motorways withITTS data, camera sensor fusion and vehicle
sensor fusion.

2.3.1.1Infrastructure

In this document, Sectiaa2.1.1discussed the research work of sensor fusion approach in Service

2 for the fird iteration, wherdhe road infrastructure at motorways witA' S data, camera sensor
fusion andvehicle sensor fusion are discussed in subsections. In this section, the same approach of
sensor fusion in Service 2 for the second iteration is followed,revla@ additional traffic
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management component, the ramp metering at themp infrastructure side, is added to the
sensor fusion.

Sensor technology is a vital cponent used for data collectidor V2X based communications,

such asvehicle-to-Vehicle (V2V) and Vehicle to Infrastructure (V2IMixed traffic with variating

shares and novel characters aftoaomous or selflriving vehicles brings unpredictability to
motorway merging that is closely related to cooperative sensing in ITS. Traditional mogelstfo
processing traffic data provide the base model for different merging algorithms. However, more
importantly, enhancements are in need to utilize emerging sensor technology to achieve sensor
fusion that shows augmentedrformance, as shown kigure10.

Modern vehicleswith different autonomous levelre equipped with multiple sensors to measure
their operation condition as well &s surrounding, such aghe road conditionSensor fusion on
the vehicle side wilbe discussd in Sectior2.3.1.2 On the infrastructure side, two categories of
sensors can be classified based on their locationgisive andnonintrusive sensors Most
intrusive sensors akgired/wireless and they arestalled on peaement surfacesamong which, the
inductive loop detectors are the most commonly applied ones on the road

Figure28 shows examples of inductive loop detectors on the urban road (left picture) and highway
(right picture). In gened, inductive loops are wire coils buried into roads and send data to
processing unitsBecause of the simplicity of design principle, high accuracy and long life cycle
against extreme weathehig group of sensoilis of wide usage on current road netwditkis used

for detectionofv e hi cl eds mo v e meoncupancyand average speed, dependimgton
whether it is traditional loop detector double loop detector (see@ion2.2.1.1.). The generated
signals are reeded ina detector statioat the roadsideand the datare furthersent to roadside
stations and other more centralized systems

Like nerve endings, inductive loop detectors are the basic elements to measure and collect traffic
data. The density of indtige loop detectors varies from every 1080 meters (urban road) to 300

500 meters (on the highway), or even more diluted in some area. On the roaxisiitegdetector
stations provide theource of power and a cabinet to house data collection equiphise data
arethen sent to roadside stations, and then to centralized traffic systems.

 Sa i

Figure 28 Inductive loop detectors on the urban road (left) and motorway (right).(Source:
Henk Taale, ITSEDULAB)

In the Netherlandshe major road network is covered with loop detectors, detector stations, local
stations, regional and national traffic systems. To maintain network wide traffic management,
Rijkswaterstaat has developbtbniCa (MONItoring CAscade)a system that centralgeletection
datafrom these loop detectof89]. Detected data types are traffic compositions, traffic congestions
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(peak hour congestions and shockwave congestions), average speed and intensity with an update
frequency of every minute. After collecting igedata, MoniCa process them in order to be used by
ITS system. There are in total seven MoniCasygiems throughout the country where -teak

traffic data can be shared. In addition, detected data from loop detectors are also sent to (or via
MoniCa) MTM (Motorway Traffic Management), a fully automatic motorway management system,
which is developed to monitor the traffic flow on main highwég]. Unlike MoniCa, which
provides wide range data of the network, MTM is used for detection of vehicle spéffio

intensity in order to enable AID system (Automatic Incident Detectiaijfic lights and DRIP
(Dynamic Routeriformation Panel) on the motorway. For the latter two (traffic lights and DRIP),
MTM needs facilitation from MoniCaOn the motorwayMTM consists of inductive loop detectors

every 308500 meters. For road segments that has no MTM coverage, MoniCa is the main system
and the installation density of loop detectors can be less.

The inductive loop detector system is a relatively accuratieray®d measure vehicle speed and
traffic intensity. Regarding measurement of vehicle length, the-ibuiletectors algorithm affects

its accuracy, since it calculates with the magnetic profile of the vehicle signahen it passes
through (see &ction 2.2.1.9. Considering special vehicle categories such as motorcycles and
cyclists, on the one hand, althougloshinductive loop detectors have problem detecting a
motorcycle, they can still miscount motorcycles due to thetfet the loop is smaller than a lane

and miscount can happen when a motorcycle goes through between lanes with no loop coverage.
On the other hand, the inductive loop detector can miss cyclists and motorcycles duéowo the
metal contentespecially egppedwith upcoming carbon technologiebhe following advantages

and disadvantages of inductive loop detectors has been identified, accol@8lg to

-Advantages

1. In principle, loop detectors are the most twstthy and acaate detection system. It is a
mature technology with wide applications.

2. Loop detectorbavea long life cycle, 20 to 30 years depending on the situation

3. They havelow disruption and breakdowns due to its stable character of hardly wear and
tear.

4. Loop detetors are not sensitive to extreme weather conditions, although it might be
susceptive to heavy frost.

-Disadvantages

1. The installation of loop detectors needs to close down certain road segments, therefore the
installation and maintenance is expensive.

2. The extra layer of asphalt can reduce the sensitivity of detection.

3. With low speed (<20km/hr), the accuracy deteriorates.

4. The locations of these detectors are fixed while the infrastructure planning are more and
more dynamic in reality.
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Table 7 Accuracy overview of typical inductive loop detectors in the Netherlands

Features Accuracy (in percentage)
Traffic count 9599

Average travel speec 96

Vehicle length 95
Vehicleclassification 95

Detectable speed 0~400 km/hr

range
Detecton availability 97~100
Robustness Affect by extreme weather circumstances (e.g. heavy frost) and ro:

maintenance

Installation Closed down on lanes/road sections

The accuracy of traffic management systemith inductive loop detectors as data source cedu
according to literatureln the report of Van Lint et a[69], it was indicated that 12% of all raw
detection data (time average speed and intensity) from MoniCa system are either unreliable or
completely missingln addiion, van Lint indicates that there are outliers of 25% or more, these
outliers are often caused by overdue maintenance work.

When mixedtraffic of LV, CV and C(A)V with diverse driving behaviours are involved, traditional
loop detection is still the main sme of detection input data but its discontinuous data with low
granularity on road segment is not sufficient anymarg. for TransAID3® Service 2 highway
merging scenarioTherefore, a nofntrusive detector: drafiRadaris implemented on a viaduct
above the lghway merging area to overlook the-aamp and mainline highway below, where they
merge and number of lanes reduces frelar® to 2lane

A cameraprovides many of the functionghat an inductive loop detect@rovideswith fewer
difficulties. As a sensqrcamera areless widespread than inductive loop detectors. This is because
theyare expensive and may be affected by environmental condisanok assnow, rain, and fog,
among others. Normallygamerasare used to develop applications that provide médion on a
selected locationsuch as queue detection at a traffic light, traffic conditi@m] traffic rule
violation. The location of these camesansors arasually above ground levehounted on a mast

a gantryor abridge,which lead to the chahge of installation.

For TransAID Service 2, the position of the camera is chosen to be on the side of the viaduct above
the highway|n order to have sufficient view range ofhe merging areaAccurate traffic dataia

this detectors of utmost importancbkefore fusing with another data source under the sensor fusion
algorithm As known, cameraare subject to beingpotted by drivers, resulting in different and
faster reactionsuch as: slowing down, using the correct drive lame, being more cautiowster
detecting those devices. In this case, the camera is installed on a viaduct right upstream to the
merging area below, to monitor from a behind perspective instead of frontal perspective, so that
merging behavioursdo not deviate due to distraction frogpottingthe camera. The working
mechanism of th&rafiRadarin this use case is explainedSaction2.1.1.2.2
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Other proliferation of alternative data and information sourgesovide data thatompliment
traditional sensor mearementsFloating car datas one of these sources. The thwstamped
locations and speeds come directly from the moving vehicles, util@Pg,emergingconnected
(and automateédvenhiclestechnology and collective perception concept at infrastructudesio
Hence, at the infrastructure nodesntelligent sensorswithin the physical infrastructure are
constantlybeing deployedind maintained.The success of sensor fusion on the infrastructure side
largely depends on the platform used to access, colladt, paocess accuratéata from the
environmentAt the current stage, Service 2 only includes LVs and QWsrautomatedsehicles
where invehicle sensors are not equippethe road infrastructurequipmentat motorways with
C-ITS data, camera sensor fusi@re even more importanAt later stages, when autonomous
vehicles are allowed in high speed merging situatio®,components of an amt@tedvehicle can
fail, so redundancynust be built into the vehicldnfrastructure side collective sensing and data
fusion present such apportunity tothese automategkehicles.

To sum up, ollective perceptiof Service Znables the exchange of sensor informatioductive
loop detector data, camera data and cooperative sedabagfrom connected vehicles. Sanso
fusion utilize different types ofraffic flow sensrs installed along the roadway ate tdata fusion
strategieghat augmented the performance of these. d4ia is to improve traffic safety in merging
area with mixed traffic and the traffic efficignof onramp to mainline highway merging.

Comparing to the first iteration where the data model groundwork (such as traffic model for
merging assistant ifigure 10) has been performed, sensor fusion in the second iteration adds a
new elementthe implementation of a ramp meteriagd entry loop dector on the onramp see
Figure29.

Figure 29 Ramp metering (snapshot below showing red) and entry loop detector on the
onramp of Service 2

Despite specific variation from region to regidRamp Metering (RM)has been a maturand
common deployment on the -vamps.The objective of theamp meterings maximum utilization

of the omamp to maintain free flow condition on the mainline oé tmotorway. Althougrthe
compliance rate of individual vehicle following a ramp metering instruction is, tigheffect of

each metering is quite different due to disturbances during merging maneuverer. When it comes to
mixed traffic, the effect will beane more uncertain since the automated vehigl#svarious SAE
levelfollow different car following and merging algorithms.

To increase the unification of car following and merging behaviotnes, implemented ramp
metering in Service 2 in the 2nd iterati@f TransAID is supported by the merging assistant
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algorithm. This new element takego accounthe future merging behaviourdirectly integrated
into the logicof when to turn the ramp meteg green.

The current design of the ramp metering in theuwation environment SUMO has the following
specifications: minRed = 1second, green = 1second. The principle is to continuously search for
possible merging gaps every time step (0.1 second), based on the entry loop detector data on the
mainline highway upgseam (rightmost lane) and the entry loop detector data on thrangm

Unless there is a possible gap in the future, the ramp metering will keep at the stage of red for at
least 1 second. Effectively, the base moddtigure10is supported with more predictable vehicle
speed (0 km/hr or current speed retrieved from entry loop detector right in front of the RM),
regardless of vehicle types and car following behaviours.

To calculate future gaps, the RM applies the merging assaigorithm, which embody the sensor
fusion model in the previous time step. The enriched and complete sensor fusion rrglelehO
are iteratively applied to the intelligent RNThe aforementioneaxtended sensor fusion maods
first implemented in simulation environme®UMO in D4.2[5]. Although still considered as lew
level fusion, the simulation has proven that sensor fusiomaadle vehiclesvhich are expected to
accelerate following a predable pattern.

In the 2nd iterationof infrastructure sensor fusion, more preparai@me made for field
deployment. Terefore we useconfiguration file from real world RSUdt is first tested in the
simulation environment, where the RSU.java can [#&@N topologies with Latong ITF file/x-y
coordinates from SUMOMoreover, speed advice for CVs on the mainline highway (rightmost
lane) is also supported with CACC functionality. If speed advice for CVs on the mainline highway
are given, they follow thgiven advised speed and updates of current speed are fed to extended
sensor fusion model, similarly to the speed advice foraomp CV in the 1st iteration. This
facilitate the update of gap searching the creation more effectively.

The following two figurs are described in D58ignalling for informing conventional vehicles
These two figures give visual representation of the merging assistant algorithm based, in vehicle
and roadside applications that are fundamentally based on extended sensor fusioe on t
infrastructure side and V2Kased cooperative sensing.

Speed
Guidance

) Time to merge ...  Speed Advice ...  Distance to merge .. Accept or decline
Km/h

Figure 30In-vehicle application based on extended sensor fusion model of Service 2
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Advice Status
—

Time to merge
Distance to merge 211 m
—

Speed advice

Vehicle speed 106 @)

Acepted or declined

Figure 31 Roadside application based on extended sensor iois model of Service 2

2.3.1.2Vehicle

As described in sectiah.2.1.2the sensor fusion strategy is composed of aléaxel LIDAR fusion

module and an objet¢tvel fusion module. The objet#vel fusion module associates and fuses the
vehicle sensor data with the data received via the V2X messages. V2X data fusion comprises the
merging of measurement data of an ego vehicle with the measurement results of other sensors, e.g.
infrastructurebased sensors or sensors of neighbor vehiclenGhe measurements of different
sensors, the accuracy of state estimation of a road vehicle can be improved.

A detailed model of the implemented objmtel fusion is shown ifrigure 32. A first step is to

filter out clutter djects from the vehicle sensor data to avoid unnecessary computatiaes acel
computation time. Another important step in the fusion pipeline is the velocity model. This module

is necessary as it compensates for the time having passed between thigetigeictcorded by the
infrastructure camera and receiving the CPM message in the vehicle. When using a state of the art
surveillance camera, image compression, image transport over Ethernet and image evaluation need
time. Therefore, object states arriteethe vehicle within some delay. Typical delays are 200ms ~
400ms. A vehicle moving at a speed of 50 km/h travels around 2,8m and 5,5m within this delay.

Vehicle Sensor V2X
Data Messages

Velocity
Model

Assoziation Fusion

A

Filter >

Figure 32: Overview of the software components for the objeetevel fusion
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Another important aspect about the velocity model is concerning the time synchronization between
the road site unit and the vehicle. If the time is not synchromtdhigh precisionon both ends,

this leads to significant deviations, when predicting current position of the objects transmitted

via V2X. If possible, the GPS time of the transmitting and the receiving unit offer a good solution
of synchronized time.

Since it is critical to keep the delay between recording the objects and receivimmtiee vehicle

as minimal as possible, the tracking step on the RSU is changed to an adapted version of the SORT
approach presented |i1]. This tracking approach is based on a Kalman filter that performs the
prediction stepbased on a constant velocity model. From the predicted tracks and the new
detection, a cost matrix is composed of their inverse intersection over union (loU). Based on the
cost matrix the predicted tracks are matched to the new detections with lineginrassit. During

the assignment, confirmed tracks of objects that have already been tracked over multiple time steps
are associated first. Furthermore, consistently tracked objects are processed prior to tracks with gaps
in their tracking history. Associatenlacks and detections are subsequently used to update the
Kalman filter. Unmatched detections on the other hand, generate new track candidates. This
outlines the process that is used in the second iteration to track the detected objects over time in
orderto determine object velocities, reduce uncertainties and also provide object histories.

While this new tracking approach works in real time, it does not achieve the same accuracy as the
approach comprised of the optical flow describe@.th1.1.2.2o0gether with the tracking modeled

as an optimization problem as describe®.i2.1.1.2.3 In order to still achieve betteesults,it is
therefore vital to impree the detection of the objecky retrainng the detection CNN. Since
labelling of new training data is a very time consuming process, this is done in-augaEmiised

way, with the aid of the offline tracking approach described for the first iteration. The result of the
offline tracking on anmage from a RSU is shown kigure33.

Figure 33: Result of the offline tracking approach on a RSU image

For the process of generating more training data, first a FasBMNRmodel prerained on the
COQO datasef{74] is finetuned on a manually labelled dataset. The detection produced by this
network can be seen in the upper imagé&igtire34. Since the offline tracker is able to provide a

TransAID | [b.2 |Connectivity and Signalling Pag.55



ART-05-20167 GA Nr 723390 | TransAlD Transition Areas for Infrastructussisted Driving

much betteresult compared to this detection, the result from the tracker showigure33is used

as new training input for further fir@ning the Faster ’&£NN network. In this waythe detection is
iteratively improvedvith more accurat training data being available each time. The lower image in
Figure 34 shows the detections from the newly trained network with the additionally provided
training data. Comparing both images, the number of false detedimsibly reduced with the
retuned network, yielding a more accurate perception.

T 2 -
| =
.

méra 0%

G

Figure 34: Result of the detection with a Faster RCNN before (upper image) and after (lower
image) the finetuning on the additionally labeled dataset

This observation of improved accuracy in the detections can also be made for new unseen data
examples as shown iRigure 35. Here new data from a different day was evaluated with the
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network trained on just the manually labeled datdas can be seen in the upper image, while the
lower image shows the results of the network-tumeed on the additionally labeled data.

Figure 35: Result of the detection on unseen data with a Faster-RNN before (upper image)
and after (lower image) the finetuning on the additionally labeled dataset

In all cases, no masking of the images is used and all detections with a confidence above 0.65 are
displayed. However, the test sites equipped with an RSU vary, as well as ittesl .ddmera and
mounting height. Since this produces images with different perspectives, as Eegme36, fine-

tuning the networks to the individual locations seems very relevant. The comparison between the
middle and the lows& image inFigure 36 shows the difference in performance, when using a
network finetuned to the perspective. While the FasteCIRN network that produced the
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detections depicted in the middle image was not trained on any daita fsamilar perspective, the

Faster RCNN network producing the detections in the lowest image was trained on additional
training data from another scene recoded by the same RSU. Furthermore, reducing the amount of
different labels to more general class#mt are found in all regarded scenes, lead to an overall
improvement of the detections. For this reason the ten labelscécanith trailer, vanbus, lorry,

lorry with trailer,articulatedorry, pedestrianmotorbike bicycle) to be detected in thepper image

in Figure36 were reduced to five labels (car, bus, lorry, pedestrian and bike) in the middle image. A
slight improvement is noticeable, even though the upper image network is a F&& Retwork

with the more compleResNet101 backbone compared to the middle and lower image network,
which is a Faster ’£ENN with the less complex InceptiM? backbone.

Figure 36: Result of the detection with a Faster RCNN with ResNet101 backboneand ten
classes(upper image) with Inception V2 backbone and five classesmiddle image), with
Inception V2 backbone three classes and additional training data (lower image).
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Once the detecteand tracked objectisom the RSUare receivednd preprocessed in thehwee,

the association with the-4wehicle data builds the core of the trdekel fusion. As described for the

first iteration the implemented solution for the association task in the fusion pipeline is based on
[46] and estalidhes tracko-track correspondences between the tracks contained in the V2X
messages and the ones derived from theshicle sensors. The association depends on the correct
localization of the ego vehicle itself, and on an accurate projection from icoagdinates into the

3D coordinate systent the RSU. The environment model of an automated vehicle ¢eesptate
vectors of all vehicles in thécinity of the egevehicle. Thee vehicle stateinclude position, speed

and angle of the driving directiorlowever, a state of the art CNN based road vehicle detector does
not give an object pose estimate. On the other ,halnjgct pose estimates are needed for pose
tracking and determining the covariance matrix of the estimation dilmercovariance matribs in

turn needed for the covariance intersattalgorithm used for the trad&vel fusionstepin the ege
vehicle. One possible countermeasure to circumvent or reduce the problem of tpeoeation of

2D bounding boxes in image coordinates into 3Cealsjin camera relative coordinates and the lack

in the covariance matrix, is to perform 3D pose estimation instead of detection only 2D bounding
boxes. An example from the KITTI data$éb] of the desired output from the 3D g@estimation

is shown inFigure37.

Figure 37: Exemplary output of the 3D pose estimatior75]

One reason for using hemispheric camerar the roadside surveillances the ©st benefit.The

concept of roadside assisted data fusion is not viable as long as the cost for equipment is high. One
approach for saving cost is using a hemispheric camera, as it can cover a whole intersection from
one mounting point. However, the chaage perspective within the images of a hemispheric
camera are more severe compared to traditional cameras. Therefore, the need for pose estimation is
higher and pose estimation itself is more challenging with a hemispheric camera. Therefore, also a
dedicded concept for tracking is needed. The concept needs to account for the large changes in
perspective and its influence on the covariance matrix of measurementinoestern, his would

yield more accurate poses of the V2X objects transmitted to theredtide and better results
especially regarding the calculated covariance matrix of the estimation error.

Once we obtain 3D pose estimations from an appropriate CNN approach, we can incorporate the
following Kalman Filter approach for the abemeentionedracking concepfTlhe state vector of the

road vehicle is composed of positiarfto, headingQand speed. The state transition equation

can be expressed as follows:

i Q

e Q U{ 2 e 0 0 Q (D)
L Q
’QTQ

Regardinghefirst derivativesin time of velocity ard headingas process noise this equation can be
written as:
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The meastement equation is defined as follows:
»Q 53 Qe 0o ©)

When using a convolutional neural network for pose estimation, the measurement vector is as
follows:

» Q W 4)
Q

The observation matriy "Q expresses the projection between state changes and observed position
changes of the detected Velb in the camera plane arndQ is the current amplitude of the
measurement noise signal. The measurement noise casdoened as zero mean normally
distributed, isotropic and constaRigure38. The observation matrix, however, is dependent on the
position of the observed vehicle. The zero mean normally distributedsowapic and non
constantrigure39. A Kalman Filter computes the optimal state estimate and the covariance matrix
of the estimation error in this situation.

The output of the Kalman Filter Bn optimal state estimation vector and the covariance matrix of
the estimation error. Both needs to be transformed into world coordinates for italityaith the
coordinate system of the receiving car. While this transformation is straightforward for the state
vector, transformation of the covarianosatrix is not. All covariances 02 Qand0 "Q with
respect to the other elements of the statetor are zero. The covariances of the transformed to
world positionsw andw are calculated as follows:

OteeQ {oéwQ (5),
where
Al'® OEQ
1 GEd AI'D (©)
This means, that for camera based infrastructure CPM messages, there is no need to transmit the
whole covariance matrix. The diagonal elements and the position covariances added are sufficient.

All calculations, however, exeaitin the roadside unit, because intrinsic and extrinsic camera
calibration parameters are available there.
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Inaccuracies in the posstimationof V2X objects and the localization of the egehicle inevitably

lead to added deviations of the objects received via V2X. This necessitates tlestpnagonand
localizationto be as accurate as possible and the association module to handle the remaining
deviations. This is especially critical for multiple objects with similar dynamics in close proximity

to each other e.g. vehicles waiting in multiple lanes next to eachatitheraffic light. Once objects

are wrongly associated, they cannot be fused correctly afterwards. Therefore, it is vital to associate
the correct objects with each other. One aid for a correct association is to also incorporating the
object history intdhe aseciation algorithm.

Figure40 shows an exemplary result of the association and fusion algorithm for LIDAR and CPM
messages in the vehicle. In this image, the green boxes show the CPM messages, while the yellow
boxes showte LIDAR messages. The time delay as well as an offset from the localization and the
projection is visible in this data. Therefore, the fused result shown as a red box shows the greater
truth towards the LIDAR messages regarding position, and a grealeenicd of the CPM
messages regarding their size.
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Figure 40: Fusion result (red boxes) between lidar (yellow boxes) and CPM (green boxes)

Once associated the objects are subsequently fused by deploying the covariance intersection
algorithm[72]. Covariance intersection computes an optimal estimate of the real state of an object
given state estimates and covariance matrices of the estimation error of those state estimates. It is
reasonable to apply covarice intersection for cooperative percep{iod]. Objects that cannot be
associated naturally cannot be fused, but will be added to the global track list, as they might extend
the view of the vehicle perception. The accuracythmfse unfused tracks can be validated by
considering the deviations between associated objects. Finally, the entird@lgéfision module

outputs a global track list containing all objects perceived by the vehicle and the road site unit,
where objea in the overlapping field of view are fused.

2.3.2Analysing the impact of Cooperative Sensinfpr different
Market Penetration Rates (MPR)

Connected and Automated Vehicles (CAVs) could improve their percepyierchanging CPMs
using wireless technologies. iShperception could be impacted by the number of connected
vehicles presented in the environment that shares the sensor information. During early Market
Penetration Rates (MPR)here will be less traffic participants sharing information about the
environnent so it could be difficult to achive higher levels of enviornmental perepirereas at

high MPR,there will be ahigh number of participantsharingsimilar information which could
increase the unnecessary redundancy in the networkemz there isa higher riskof saturaing

the communications channdlhereforejt is important to investigate the impact of different MPR

in the performance of cooperative sensifg. this aim, the performance and efficiency of the
collective perception dynamic megsageneration rules (dynamic policy) defined in the ETSI
collective perception service (s€ection2.1.2.1.3 is analysed with different percentage of MPR.
The considered simulation sep described irBection2.2.2and the performance of different MPR

is analysed for both low and high traffic densities. In addition, with the forward sensor
configuration described in Secti@i2.2 a new sensor configuratias considered for this study. In

the new configuration, vehicles are equipped with a single sensor with 150m range ah&a@360
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2.3.2.10peration

Before analysing the performance and efficiencgafhCPM generation policy for each MPR, it is
necessary to Wer understand their operatiofigure 41 represents the Probability Density
Function (PDF) of the number of CPMs transmitted per second per vehicle for different MPR. The
number of CPMs generated per vehicle delsean the number of detected vehicles (i.e. traffic
density) and on their dynamics (e.g. an object is included in a CPM every 4m). Due to this fact,
different MPR percentage has similar CPM generation rates for each traffic detisiygh their

impact inthe channel load will be quite different as shown in Se@i8m®.2 The increase in the

CPM generation rate with tf860°sensor configuration is due to the higher object detectiorofate

the 360°sensor. When compared beemetraffic densities, the speed of the vehicles is higher for

low traffic densities than for higher ones. As a result, the vehicles satisfy more frequently one of the
threeconditions specified in Sectighl.2.1.3for the dynamic CPM generation rules (i.e., absolute
position changes by more than 4m; absolute speed changes by more than 0.5m/s; 1 second since the
last CPM transmitted), and vehicles generate more CPMs per second at low densities than at high
densities.
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Figure 41. PDF (Probability Density Function) of the number of CPMs transmitted per
second and per vehicle
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Figure 42 represents the PDF of the number of objects included in each CPM for different MPR.
Again, he increase in the objects included in each CPM witlB@@8sensor configuration is due

the higher object detection ratéthe 360°sensor. Whereomparingtraffic densities, smaller CP#/

with a smaller number of objects are generatedhahigh densityscenariodue to the lowr
travelling speedFigure 41 and Figure 42 show that all MPR configurations have similar CPM
generation rate and similar number of objects included in each CPM. However, the number of
connected vehiclgsarticipating in cooperative sesing is different for each MPR configuration. To

this aim, the network performance and the achieved perception is analysed further for different
MPR.
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Figure 42. PDF (Probability Density Function) of the number of objects included in each
CPM

2.3.2.2Communication Performance

This section evaluates the impact of the CPM generation policies on the oaratimns
performance. To this ainT,able8 shows the averagéhannelBusyRatio (CBR) experienced when
implementing different MPR under the two traffic densities. The CBR is measured by each vehicle
every second. e 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 perfordeg@es and the packet
delivery ratio decreas449]. Table8 shows that thehannel load increases with the MPRhis is
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becausewith high MPR there arenore connected ¥icles in the network andgeneratingCPMs

which increases the channel load. The CBR inceeagh the traffic density is due to the increase

in the number of participants (i.e. vehicles) present in the network. The CBR isongds860°

sensor configuttéon is due to the increase in the number of detected objects and the CPM rate (see
Figure41landFigure4?2).

Table 8. Average CBR (Channel Busy Ratip

Low density High density

MPR o o
Forward 360° sensor Forward 360° sensor

sensors Sensors

20% 3.34 4.89 7.83 11.69

40% 8.4 12.32 15.48 22.49

60% 11.74 17.11 20.19 29.12

80% 15.46 22.28 25.99 36.83

100% 19.29 27.57 31.8 44.44

The channel load or CBR fi@n impact on the PDR (Packet Delivery Ratio). The PDR is defined as
the probability of successfully receiving CPM as a function of the distance between the originating
and receiving vehicleszigure 43 plots the PR of different MPR under the two traffic densities.

The degradation of the PDR with the distance is due to the radio propagation effects. The PDR can
also be degraded due to packet collisions or interference when the channel load is high. This effect
is highlighted inFigure43 where thed®?DR decreases #se MPR increases due @ increase in the
channel load and packet collisioffsble8 already showed how the channel loacreases with the

traffic density. The resulting PDR degradation observdeignre43is a consequence of the trends
observed inTable 8. Following these trendg;igure 43 shows that the MPR 20% achieves the
highest PDR and the MPR 100% the lowest one. However, it is yet to behseeollective
perception levels achievables with low MR
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Figure 43. PDR (Packet Delivery Ratio) as a function of the distance between transmitter and
receiver

2.3.2.3Perception capabilities

This sction analyses the perception capabilities of vehicles for diff&f@R configurationslt is
important to select an appropriate time window for analysis perception capaldiigjess 44 plots

the time requiredy ETSI CPM generation rules to send an update about an object for the given
T_GenCpm0.1swhich is depicted as a function of object speed (m/s).
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Figure 44. The estimated time required by ETSI CPM generation rules to send an uate
about an objectfor the given TGenCPM=0.1s.

Figure 44 shows thatETSI CPM generation rules include information about a vehicle in a CPM
every 200ms for objestravelling between 20m/&@nd40m/s and every 300nfisr objecs travelling
between 14m/s to 19m/s for the select€gslenCPM=0.1sFor example, vehicles move at speeds
between 32.7m/s and 38.8m/s in the low traffic density scenario (see SzetidnVehicles then
need 0.11s t®.13s to move 4mT_GenCpmis defined as a multiple of 100ms. Therefore, the
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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 calcutaoimportant to

select the adequate observation time window and correctly evaluate the performance and
effectiveness of the collective perception service. From the analysis, the observation time windows
of 200ms and 300ms for the low and high traffic dgrscenariosareconsidered respectively.

To this aim, we define the Object Perception Ratio as the probability to detect an object (vehicle in
this study) through the reception of a CPM with its information in the selected time window. We
consider thatin object is successfully detected by a vehicle if it receives at least one CPM with
information about that object within the selected time windéigure45 depicts the average Object
Perception Ratio as a funati@f the distance between the detected object and the vehicle receiving
the CPMfor different MPR Figure 45 shows that 20% of MPR achieves lower perception when
compared with higher MPR. This is becaube numberof connected vehicles present in the
environment that send CPM is not enough to perceive all the objects present in the environment.
From MPR 40%, the perception tends to increase significantly and achieves higher perception for
critical short distances @ up to 200m). In particular, the 100% of MPR achieves the maximum
perception at higher distances (e.g. beyond 200m) when compared with lower MPR. The
degradation of perceptiat high distanceis due to lowPDR levelslf we comparelifferent sensor
configurations,the 360°sensor configuration achievkigher perception even for low MPR and this

is due tothe higher object detection rate of the sensor. In particular, at high traffic density all MPR
configuration achieve percepti®higher than 95% focritical short distances (e.g. up to 200m).

The subplot zoom shown iRigure 45.d depicts that the MPR 60% and MPR 80% perform better
than the MPR 100% at higher distances and this is because of the lower PDRbseel®d for

MPR 100% (sed-igure 43). The obtained results fromigure 45 show that higher percentage of

MRP can generate neregligible channel load levels that can degrate communications
performance and i mpact the networkdés scal abi |
current CPM generation policies generate unnecessary redundancy about the detected objects for
different MPR.
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Figure 45. Object Perception Ratio as a function of the distance between the detected object
and the vehicle receiviig the CPM

Figure46 illustrates the number of updatalout the same objertceived under the selected time
window. This metric is referred to as detected object redundancy and is depiEtgdre¥6 as a
function of the distance between the object and the vehicle receiving the CPM. The increase in the
redundancy with th&60° sensor configuration is due to the increase in the object detection rate.
The degradation observad Figure 46 with the distance is a direct consequence of the PDR
degradation reported iRigure 43. Figure 46 shows thatan increag in the MPR,increases the
redundancyin the networkandthe channel load and hentteincreases theisk of saturating the
channel (sedfable 8). With lower MPR, the redundancy is reduced but not all objectsan th
environment are detected argported due to less participants causing lower perceptiorfrigee

45). To achieve higher perception without generating unnecessary redundancy for higher MPR, the
ETSI generationules could be modified to further decrease the redundancy and increase the
robustness and scalability of the vehiculatwork
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Figure 46. Detected object redundancy as a function of the distance between the detected
object and the vehicle receiving the CPM.

2.3.3TransAlID proposals for improving Cooperative Sensing

From the analysis performed in Gien 2.2.2 it is concluded that the ETSI dynamic policy
performs better than the periodic policy, however inefficiencies are identified in the dynamic policy
and reported. In the following sections, TransAID addressed théciaeties in the dynamic

policy by proposing two different algorithm$hese algorithms have been presentadlate ET S 1 6
CPS (see Annex A ari@4)).

2.3.3.1Evolution of the message generation rules:ook-Ahead algorithm

The analysis performed in Secti@?2.2 showed that dynamic ETSI CPM generation rules (see
Section2.1.2.1.3 result in the frequent transmission of CPMs that include informationtadbo

small number of detected objects. This results in an inefficient use of the communication channel
due to the frequent transmission of protocol headers and data about the transmitting kighiae (

20). These iefficiencies reduce the probability of receiving CPM messages, and therefore the
effectiveness of cooperative perception. The proposed-dbekd algorithm tackles these
inefficiencies by modifying the current ETSI CPM generation rules so that less CRMs ar
transmitted and each CPM includes data about a higher number of detected objects. This study
demonstrates that the proposed solution improves the reliability of V2X communications and the
perception capabilities of CAVs compared to the current ETSI @R&imentation.

2.3.3.1.1Motivation

We first highlight the limitations of the current ETSI CPM generation rules to motivate our
proposal. Without loss of generalitye consider a highway scenariBidure 47.a) whetherego

vehicle is equipped with a sensor that has a Field of View (FoV) of 360°. The vehicle generates
CPMs following the current dynamic ETSI CPM generation raled checks the conditions to
generate a CPM evelly GenCpm0.1sLet 6 s f i r st c esisthedseenariotntoeat al |
70km/h (19.4 m/s). In this casell vehicles detected by the ego vehicle satisfy condition 1
described in SectioB.1.2.1.3every 205ms. The ego vehicle then includes each detecterevighi

a CPM every 300ms. Letdbs suppose an ideal sce
vehiclesin Figure47.a at the same time. The ego vehicle generates then 3 CPMs per second, and
each CPM incldes the information of the 6 detected vehicles. It is though very unlikely that an ego
vehicle can detect all its neighbouring vehicles at the same time. In a realistic scenario, vehicles
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constantly enter and leave the detection rangbexgo vehicle atifferent times. The ego vehicle

will then include the detected objects (i.e. vehicles in this study) in different CPMs as illustrated in
Figure 47.b. This figure illustrates an example in which the ego vehiclectietneighbouring
vehicles at different times. In particular, the figure represents a scenario in which the ego vehicle
detects two different neighbouring vehicles evérycenCpmo0.1s. In this case, the ego vehicle
ends up transmitting 9 CPMs per secorstead of 3 like in the ideal scenario. Each CPM includes
now information about two detected objects instead of @&in the ideal scenario where all
vehicles were detected at the same time. Transmitting more CPMs per second consumes more
bandwidth sinceeach CPM includes the ITS PDU Header, andMlamagement and Station Data
containersof the ego vehicle (Sectidh1.2.1.2. In addition, each CPM implies additional protocol
headers from the Transport, Network, MAC (Medium Asc€ontrol) and PHY (Physical) layers.

A similar effect is observed if we consider a scenario where vehicles move at different $peeds.
ego vehicle still checks theonditionsto generate a CPM evelly GenCpm0.1s. However, since

each vehicle moves aifférent speeds, they satisfy condition 1 in Secfdh2.1.3at different time
instants, and the ego vehicle will include their data in different CPMs. This can again result in the
frequent transmission of CPMsith data about a small number of detected objects. We have
analysed and quantified this trend by means of simulatisimgy the network simulatd¥S-3 and

the road mobility simulator SUMO.
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Figure 47. Example to motivate our proposed solution.

Simulations have been conducted following the scenarios and network configuration defined in
Section 2.2.2 In addition to the previous forward sensconfiguration, a new 360° ssem
configuration is incorporated in this study. In the 360° sensor configuration, vehicles are equipped
with a single sensor with 150m range and a 360° Foyure 48 depicts the Pioability Density
Function (PDF) of the number of CPMs generated per vehicle per ségguack49 represents the

PDF of the number of detected objects included in each CPM. Both figures are obtained using the
currert ETSI CPM generation rules for different sensor configuratibiggire48 clearly shows that

the current rules result in that CPMs are mostly generated every 0.1s (i.e. at 10Hz) independently of
the sensor configation and traffic density. These CPMs contain information about a small number
of detected objectd~{gure49) in each CPM. The number of objects included per CPM is actually
smaller than the total number of detectebjects per vehicle. This is actually visible when
comparingFigure49 with Figure50 that represents the PDF of the total number of detected objects
per vehicle.As stated the transmission of frequent and small CPM messages adds significant
channel overhead. All this overhead increases the channel load and can reduce the reliability of
V2X communications. This campingethe exchange of CPM messages and reduce the pgercept

of CAVs. This study proposes a novel algorithm that modifies the ETSI CPM message generation
rules. The algorithm is designed to avoid the frequent transmission of CPMs with a small number of
detected objects, and ultimately improve the perceptionrAsC
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Figure 48. PDF (Probability Density Function) of the number of CPMs generated per vehicle
per second.
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Figure 49. PDF (Probability Density Function) of the number of detected objects included in
each CPM.
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Figure 50. PDF (Probability Density Function) of the number of detected objects per vehicle.
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2.3.3.1.2Proposed Look-Ahead Mechanism

The algorithm is designed to improve the perception or sensing capabilities of CAVs compared to
the current ETSI CPM proposal. The algorithm is based on the current ETSI CPM generation rules.
In particular, vehicles check the condiits to generate a new CPM evefy GenCpm The
algorithm computes for each det ecP, thevarmtopna ct t
speeSl ampd t he W)isinte theeldstaimestiee deteCtgol object was included in a CPM.

A new CPM is generated if at least one of the conditions specified in settich1.3is satisfied
following the current ETSI CPM generation ruldit is the case, the CPM must include the
information about the detet e d o0 b j e c t P>4mt oha®0.5n¥saotadl > 4. Yhe pseudo

code for this process is reported in line8 &f Algorithm 1.

The algorithm extends tHeTSI CPM generation rules as follows. The algorithm estimates every
time a new CPM must be generat@gdllowing the ETSI CPM generation rules) if any of the
detected objects that are not included in this new CPM would be included in the next CPM if their
current speed and acceleration was maintained. To this aim, the algorithm estimates the following
paraneters:

Nextad =& + S:-T_GenCpm (2)
NextesS= a5+ A-T_GenCpm (2)
Nexteel = &l + T_GenCpm (3)

whereS andA are the current speed and acceleration of the detected object. The algorithm includes
in the current CPM those detected objects that salsit ad”>4m or Next a&5>0.5m/s orNext

a&l>1s. Their information&P, &S and &) is transmitted in the current CPM instead of the next
CPM. Anticipating the transmission of their information is proposed to avoid transmitting many
CPMs with information about a small number détected objects. The following section
demonstrates that this approach actually improves the perception compared to theEdiftent
implementation (dynamic policy). The pseuduade of the proposed extension to the ETSI CPM
generation rules is describadlines 916 of Algorithm |.

ALGORITHM I.

Input: Detected objects

Output: Objects (if any) to include @PM

Execution: Everyl_GenCpm

1. Setflag = false

2. For every detected objedb

3. Cal c uR, a5t e diaisee the last time included in a CPM

4. If aP>4m|| &5>0.5m/s|| al>1sthen

5. Include object in currerl@PM

6 Setflag = true

7. EndIf

8. End For

9. If flag = truethen

10. For every detected object not imcled in current CPMo
11. CalculateNextad, NextasS andNextael

12. If NextadP>4m ||[Nextae5>0.5m/s |Nextael >1sthen
13. Include object in currel@PM

14. End if

15. End For

16. End If
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2.3.3.1.3Evaluation

The performance of the proposed alduaritis analysed using the simulation-gpt defined in
Section2.2.2 We consider thal_GenCpm0.1s, and analyse the performance for both low and
high traffic densities and the forward aB@0°sensor configurationgigure51 compares the PDF

of the number of CPMs generated per vehicle per second with the ETSI CPM generation rules and
with the proposal. The results obtained show that the proposed algorithm significantly reduces the
numberof CPMs generated per second compared to the current ETSI rules. This reduction is
achieved for all traffi c Table9slsowd thaketle praposdl resiucass o r
the average number of CPMsrgrated per vehicle and per second by -38% compared to the
current ETSI implementation.
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Figure 51. PDF (Probability Density Function) of the number of CPMs generated per vehicle
per second.

Table 9. AVERAGE CPM RATE

Traffic Policy Forward 360° sensc
Density sensors

ETSI 8.7 Hz 9.7 Hz
Low Proposal 5.7 Hz 6.0 Hz

Difference -34.5% -38.1%

ETSI 7.9 Hz 9.5 Hz

High Proposal 4.6 Hz 5.4 Hz

Difference -41.7% -43.2%

The proposal reduces the number of CPMs transmitted per second by increasing the number of
detected objects included in each CPM. This is actually observdegure 52. This figure
compares the PDF ofthemb er of objects included in each C
with the proposalFigure 52 shows that the proposal increases the number of detected objects
included per CPM and reduces the number of CPMsdhigt include information about 1 or 2
detected objects. Augmenting the sensorso fie
per CPM since more objects can be detected. A similar effect is observed when the traffic density
increases. However, whehe traffic density increases, the detected objects need to be included in a
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CPM less frequently since vehicles move at lower spdedare52 shows that the proposal only
generates some CPMs with a small numbkbjects under high densities. These CPMs are
generated when a vehicle detects for the first time new neighbouring vehicles.
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Figure 52. PDF (Probability Density Function) of the number o detected objects included in
each CPM.

The results reported so far clearly show that the proposal generates less CPMs per second than the
current ETSI implementation. This is done by increasing the number of detected objects reported
per CPM. Transmittig less CPMs per second reduces the number of channel access attempts and
the number of times the ITS PDU header and the Management and Station Data containers of a
vehicle are transmitted. This is visibleTable10that reports the average CPM bytes generated per
second and per vehicle with ETSIOs i mplement.
difference of CPM bytes transmitted with the proposal compared to the current ETSI
implementation. Table 10 shows that the proposal reduces the transmission of headers and
containers related to the transmitting vehicle (referred to as HC in the table) b4334%ompared

to the current ETSI implementation. On the other hamel proposal augments the number of times

a detected object is reported in a CPM (and hence the corresponding POC bytes) between 12% and
21% depending on the scenario. This increase results from the reorganization of how detected
objects are reported @PMs.

Despite this increasd,able 11 shows that the proposal reduces the channel load compared to the
current ETSI implementation. The channel load is estimated in terms of the average CBR (Channel
Busy Ratio) that is defined as the percentage of timethie channel is sensed as busy.

shows that the proposal reduces the CBR by-28% compared to the ETSI implementation.
These reduction levels are higher than the reduction of average total CPM bytésdrepbable

10. This is the case because transmitting less CPMs per second not only reduces the average CPM
bytes transmitted per vehicle and per secdrable10), but al® the protocol headers generated by

the lower layers when a packet is transmitted. This explains why our proposal achieves higher
average CBR gains compared to the ETSI solufi@ble 11) than gains in terms of average total

CPM bytes Table 10). Higher reduction levels are obtained with forward sensors because these
sensors detect a lower number of objects. In this case, the Management, Station Data and Sensor
Information containers represent a larger proportionthed total bits transmitted over the
communication channel. Similarly, the proposal achieves higher CBR reduction levels compared to
the ETSI implementation when the traffic density increases. This shows that the proposal has a
positive impact on the scdléity of vehicular networks.

Reducing the CBR and channel load reduces the packet collisions and improves the PDR (Packet
Delivery Ratio). This is actually shown Figure53 and Table 12. Figure53 plots the PDR of the

TransAID | [».2 |Connectivity and Signalling Pag.74



ART-05-20167 GA Nr 723390 | TransAlDTransition Areas for Infrastructussisted Driving

ETSI 6s i mplementation and the proposal. The
compared to the ETSI solution. Alsdable 12 reports the distance up to which a PDR equal or
higher than 0.9 is guanteedTable 12 shows that the proposal increases this distance compared to
the current ETSI CPM solution. The increase is aroundl2% under low traffic density and 35%
under high traffic density. These results demonstrate that the proposal incheaselgability of

V2X communications.

Table 10. Average CPM bytes generated per second per vehicle

Ef:g icty Policy Forward sensors 360° sensor
HC SIC POC Total HC SIC POC Total
ETSI 1055 35 855 1945 1179 35 2060 3275
Low Proposal 697 35 990 1722 732 35 2501 3268
Difference -34% 0% 16% -12% -38% 0% 22% -0.2%
ETSI 963 35 740 1738 1151 35 1673 2859
High Proposal 569 35 831 1434 657 35 1962 2654
Difference -41% 0% 12% -18% -43% 0% 17% -T%
Table 11. Average CBR (Channel Busy Ratio)
Traffic Density  Policy Forward sensors 360° sensor
ETSI 19.3% 27.6%
Low Proposal 15.6% 24.9%
Difference -19.2% -9.8%
ETSI 31.8% 44.4%
High Proposal 24.4% 38.2%
Difference -23.3% -14.0%
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Table 12. Distance(meters) with PDRO 0. 9

Traffic Density Policy Forward sensors 360° sensor
ETSI 181 139

Low Proposal 202 152
Difference 11.6% 9.4%
ETSI 113 67

High Proposal 153 91
Difference 35.4% 35.8%
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Figure 53. PDR (Packet Delivery Ratio) as a function of distance between transmitter and
receiver.

We also analyse the object perception ratio to demonstrate that the proposal also achieves higher
perception capabilities of CAVs comed to the current ETSI implementation. The object
perception ratio is defined as the probability to detect an object (i.e. vehicle in this study) in a given
time window thanks to the exchange of CPMs. ETSI CPM generation rules include information
about avehicle in a CPM every 200ms and 300ms for the low and high traffic density scenarios
respectively. We then consider observation time windows of 200ms and 300ms for the low and high
traffic density scenarios based on the analysis reportedArgune44. 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. The CPMs can be transmitted by different vehiclé® in
scenario Figure 54 plots the average object perception ratio as a function of the distance between
the detected object and the vehicle receiving the CPM. For each traffic déngiise 54 shows

that the proposal improves the object perception ratio compared to the current ETSI
implementation. This is due to two main reasons. The first one is the fact that the proposal increases
the PDR and therefore the probability torrectly receive CPM messages increases. The second
reason is that the proposal reorganizes the transmission of detected objects in CPMs. This
reorganization resulted in a lower number of transmitted CPMs and an increase (between 11% and
21%) in the averagnumber 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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Figure54 also shows that the objectrpeption ratio decreases with the traffic density. This is the

case because higher densities augment the channel load and reduce the PDR. In addition, vehicles
move at lower speeds with high traffic densities, and their data is included less frequéRtiysn

The sensor capabilities also have an impact on the object perceptiorFigiie 54 shows that

360° sensors achieve a higher object perception ratio than forward sensors. This is due to the fact
that more vhicles report about the same detected object when sensors have a larger FoV.
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Figure 54. Object perception ratio as a function of the distance between the detected object
and the vehicle reeiving the CPM.

The perception achieved with the proposal is also analysed in terms of how often a vehicle receives
updates about a detected object. The updates can be received from any neighbouring vehicle that
has detected the same objdggure 55 plots the average distance travelled by an object between
updates as a function of the average distance between the object and the vehicle receiving the
CPMs. The shortest the travelled distance the more frequent@devetteives updated information

about a detected objetigure55s hows t hat the proposal and ETS
updates about detected objects every 4m (or less) up to distances between 350martim 0
considered as a target reference following the ETSI CPM generation Figase 55 also shows

that the proposal generates updates about the detected objects at least as frequently as the currer
ETSI soluton. In fact, the proposal generates more frequent updates for large distances between the
detected object and the vehicle receiving the CPMs. This shows once more that the proposal
improves the perception of CAVs compared to the current ETSI implementatio
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Figure 55. Average distance travelled by a detected object between updates received by a
vehicle. Results are shown as a function of the average distance between the detected object
and the vehicle receiving the CPMs.
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Similar toFigure55, Figure 56 plots the time difference between received CPMs with information
about the same object or vehicle. The mefréferred to as the time between object updates) is
represented as a function of the distance between the object and the vehicle receiving the CPMs. It
is important to emphasize that the CPMs including information about the same object or vehicle
might betransmitted by different or multiple vehicleBigure 56 shows thatthe proposal and
ETSI 6s i mpl emwde dtbgedt updates helawn0.1s up to 300m approximdtehylarge
distancesthe proposal even peribs better by generating more frequent updates between the
detected object and the vehicle receiving the CRfiite better controlling thehannel loadTable

11 and improving the communications performantalfel12).
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Figure 56. Average time between object updates as a function of the distance between the
detected object and the vehicle receiving the CPM.

2.3.3.2Proposal for Redundancy Mitigation in Collective perception

The analysis performed in Secti@?2.2 showed that dynamic ETSI CPM generation rules (see
Section2.1.2.1.3 result in the frguent transmission of CPMs that include information about a
smal | number of detected objects. This can co
transmitted datare headers rather than data about detected objects. The analysis also shbwed tha
current CPM generation rules result in significant redundancy. For example, the study showed that
vehicles can receive as much as 25 to 35 times per second the same data about a detected objec
under the evaluated scenarios (§égure 24). This is the case because current CPM generation
rules are exclusively based on changes of t he
this case, all vehicles in the vicinity of a detected object that detect a changh &@ o bj ect
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 cHanneand compr omi se t
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 effeateness of collective perception or cooperative sensing.

The proposed redundancy mitigatialgorithmmodifies the current ETSI CPS solution in order to
control the redundancy in the network without degrading the perception capabilities of Connected
and Auomated Vehicles (CAVs). The proposal controls redundancy by preventing vehicles to
report about detected objects in CPMs if they have already received ugldat¢the same object

from other vehicles. Transmitting another CPM with the same detected dbjacwill increase
redundancy without a significant benefit to neighbour vehicles that have already received the same
data from other vehiclesThe performance evaluation demonstrates that the proposed solution
reduces significantly the redundancy in tietwork as well as the channel load and improves the
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V2X reliability. In addition, the 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.

2.3.3.2.1Motivation

We first highlight the limitations of the current ETSI CPM generation rules to motivate the
proposal. In particular, the section evaluates the level of redundancy generated by the current ETSI
CPS implementation. To this aimimulations have been conducted following the scenarios and
network configuration defined in Sectiéh2.2 ETSI CPM generation rules include information
about a vehicle in a CPM every 200ms and 300ms for the low and higlk ttaffsity scenarios
respectively. We then consider observation time windows of 200ms and 300ms for the low and high
traffic density scenarios based on the analysis reportedArgune44. These values correspond to

the time required by ETSI CPlEneration rules for a vehicle to send an update about an object in a
CPM for the two traffic densities.

Figure57 plots the number of times a vehicle receives CPMs with data abosarie object over

the selected observatisgime windows. These CPMs come from different vehicles that detect the
same object. The metric depictedrigure57 is referred taasobject redundancy. It is represented

as a function of the distance between the detected object and the vehicle receiving thEiQR#Is.

57 highlights the redundancy levels resulting from current ETSI CPM generation rules. Rather than
receiving a singd 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 objeetérenoently than

really necessary. This is illustrated igure 58 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 rulegure58 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 ésdbliy 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 pacékisions and reduce the reliability of V2X
communications which can ultimately decrease the perception capabilities of CAVs. In the
following section, a modification of the current ETSI CPS is proposed to control the unnecessary
detected object redundanefnile maintaining the objective to minimize changes to the standards.
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Figure 57. Object redundancy as a function of the distance between the detected object and
the vehicle receiving the CRIs.
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Figure 58. 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 andthe vehicle receiving the CPMs.

2.3.3.2.2Proposed Redundancy Mitigation Technique

The objective of the proposal is to reduce the redundancy in the transmission of CPMs without
decreasing the perception capabilities of CAVs for short and medium distances sinegethey
critical for the safety of CAVs. The proposal extends the current ETSI CPM generation rules as
follows. At everyT_GenCpmthe proposed algorithm analyses for every detected object the change
in the absolute positio( Bp R) and speed & R) since the last time the object was received in a
CPM from ot heR RO®R &heshollaensdS RaiSf Threpholdthe object is omitted

from the current CPMP_Thresholdand S_Thresholdhreshold values must be equal or smaller
than 4m and 0.5m/s respectively to reduce redundancy. Further, if any one of the given conditions is
not satisfied, the algorithm cBP,nhe vatiatio oftsgeed v ar
(® and t he Misinte theeldstipmes thaoject(wgs included in a CPM.at least one

of the conditionsad®>4m or a&5>0.5m/s orael>1s specified inthe ETSI CPM generation rules
(Section2.1.2.1.3 is satisfied, the object is included in the current CHIe rationale for this
proposal is that if a vehicle has recently received an update about an object from other vehicles,
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there is no need for the vehicle to send another update about this object since neighbour vehicles
will have already received the ddtam other vehiclesThis reduces unnecessary redundancy. The
pseudecode of the proposed extension to the ETSI CPM generation rules is described in Algorithm
I.

ALGORITHM II.

Input: Detected Objects

Output: Objects (if any) to include @PM

Execution: EveryT_GenCpm

1. For every detected objedb

2. Calculateg?_Randgf Rsince last time received in a CPM

3. IfaP R<P_Thresholdn&& &S _R < S _ Tthkthenes hol dm/ s
4. Continue

5. Else

6. Cal c uR,ath @ diaisee last time includeid a CPM

7. If aP>4m || a5>0.5m/s|| al>1sthen

8. Include object in currer@PM

9. End if

10. End If

11. End For

2.3.3.2.3Evaluation

The proposal is analysed using the simulatiorupeand conditions described in Sectth@.2 The
proposed algorithm is implemented considering two threshold configurat®n$hi(esholelm,

S _Threshold0.5m/s) and B_Threshold4m, S_Threshold0.5m/s). These configurations are
referred to as proposam andproposai4dm in this evalation.

Figure59 compares the PDF of the mber of objects included in each CPM with the current ETSI
generation rules and the propogagure59 shows that the proposaduces the number of detected
objects included per CPM under low and high traffic densities and for both configurations. The
largest reductions are obtained with fiteposaldm configurationFigure 59 also showshat the
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 redundan
data with the ETSI CPM generation rules. The proposdiices the redundancy and has then a
higher impact when the traffic density increases. This is very interesting since higher densities can
impinget he networksdéd scalability. The proposal a
second. This is vislb in Figure 60 that compares the PDF of the number of CPMs generated per
vehicle per second with the ETSI CPM generation rules and the proposal.
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Figure 60. PDF of the number of CPMs generated per second.

The proposaim configuration achieves again the higher reduction levdiesd results clearly

show that the proposal generates less CPMs per second with smaller size than the current ETSI
CPM generation rules. This reduces the channel load as illustrafel®l3. 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 biisyale 13 shows that the proposal significantly reduces

the channel load as consequence of the trends depicteBigure59 and Figure60. In particular,

the proposallm configuration reduces the CBR by 1-2%#% and the proposdim configuration i
58%-68% when compared to the current ETSI solution. As expetadde 13 shows that the CBR
increases with the traffic density. However, lower increases are observed with the proposal
following the trends obserdein Figure59 and Figure60. This shows that the proposed algorithm

can better cope with increases in the network load. Reducing the CBR and channel load reduces the
packetcollisions and improves the PDR (Packet Delivery Ratio). This is actually sholablal4

that reports the distance up to which a PDR equal or higher than 0.9 is gudranteed

% This distance isonsidered a V2X performance reference by sstaedardization organizations suchths 3GPP
[47.
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Table 13. Average CBR (Channel Busy Ratio)

Policy Traffi CBR
densi t\

Low 19 %2
ETSI Hi g h 31 %8
Low 15 %9
Proplmsa ;g 23 %4
Low 8.%
Propama ;g 10 %1

Table 14. Distance (meters) with PDRD0.9
Policy TrafficPDR
densi t\

Low 1 8ni
ETSI Hi g h 112
Low 2 On®
Prop—hrsaHigh 1 6n0
Low 2 5n
Prop—@rsaHigh > 318

Table 14 shows that the proposal increases this distance compared to the current ET&1.daoluti
particular, the proposdlm configuration increases it by 10% and 42% in low and high traffic
densities, and the proposéih configuration by 38% and 108% respectively. These results
demonstrate that the proposal increases the reliability of V2XmorntationsFigure61 shows the
effectiveness of the proposal to reduce the
The figure depicts the object redundancy as a function of the distance betweéeethewad 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 prtopagffect that reduces the PDRgure

61 shows that the proposal effectively reduces the number of object updates compared to ETSI's
solution in order to control the channel load. This reduction is achieveduwigacrificing the
perception performance for short and medium distances that are critical for the safety of CAVs.
This is illustrated inFigure 62 that compares the perception achieved with the current ETSI CPM
generation rules and the 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 successfdéitects an object if it receives at least one
CPM with information about that object during the observation time winéayure62 also shows

the perception achieved with an autonomous vehicle that only uses #srssend 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 wirkdgwe 62 plots the average

objed perception ratio as a function of the distance between the detected object and the vehicle
receiving the CPMsFigure 62 shows that relying exclusively on the onboard sensors results in a
very low perception perfanance. The perception is significantly improved when using collective
perception or cooperative sensifiggure 62 shows that the proposal achieves the same (or nearly
the same) perception as ETSI’s current satutay the critical short and medium distances (up to
around 200m) and both traffic densities. In particular, the perception performance is identical for
the proposallm configuration. These results show that the proposed algorithm can reduce the
redundancywithout 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 loadréstdting from the
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transmission of additional messages (e.g. CAM or MCM messages) could increase the load and
degrade the perception achieved with current
again such increase sindable 13 demonstrates that the proposal significantly reduces the CBR
and hence increases the reliabilifyable 14). Figure62 also shows that the perfoamce degrades

for higher distances. This is due to the propagation effects that impact more the pfoposal
configuration since it is the one that transmits less CPMs. This configuration is hence more
sensitive to packet losses.
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Figure 61. Object redundancy as a function of the distance between the detected object and
the vehicle receiving the CPM.
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Figure 62. Object perception ratio as a function of the distance between the detected object
and the vehicle receiving the CPMs

2.3.3.3Integration of Look-Ahead and Redundancy MitigationAlgorithms

The LookAhead (LA) and Redundancy Mitigation (RM) algorithms propose8ection2.3.3.1

and Section2.3.3.2aim to address the limitations identified in the ETSI message generation rules
(see Sectior2.2.2 and improve the collective pmption service. The standalone leathead
algorithm reduces the number of generated CPMs that has small number of included objects. The
standalone redundancy mitigation technique on the other hand reduces the unnecessary redundancy
object information shad in the network. Carefully combining these two proposals would utilize

the best out of both proposals and improve the overall cooperative sensing. To this aim, different
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methodologyto combine these two algorithms are proposed and-depth analysis iperformed.
The conducted analysis demonstrates that appropriate combination dhe lookahead and
redundancy mitigatiomlgorithmsperforms better than the standalaigorithmand improves the
overall cooperative perception service.

2.3.3.3.1Motivation

Before defining a combination of LA and RM algorithms.e wirst analyise in detail the
performance metricdiscussed in sectioh.3.3.1and sectior?.3.3.2To this aim, simlations have

been conducted following the scenarios and network configuration defined in Q€tR0ETSI

CPM generation rules include information about a vehicle in a CPM every 200ms and 300ms for
the low and high traffic desity scenarios respectively. Further, the observation time windows of
200ms and 300ms for the low and high traffic density scenarios is selected based on the analysis
reported fromFigure 44. These values correspotal 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.

First, the object redundancy at the receiver is analysed for the standalonéhesuk (LA)
algorithm Figure 63 shows the object redundancy as a function of the distance between the object
and thereceiving vehicldor thestandalond.A and ETSI implementation under the forward sensor
configuration. This metric represents the f@mof times a vehicle receives CPMs with an update
about the same object over the observation time win@fogure 63 shows that the LA algorithm
slightly increases the redundanéy comparisonwith the ETSI implemetation despite the
reduction in CBRgee
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Figure 63. Object redundancy as a function of the distance between the detected object and
the vehicle receiving the CPM for the forward sensor configuration.

Second, the number of objects included in each CPM are analysed wiRMth&orithm. To this

aim, the P_Threshold1lm,S_Threshold0.5m/s) is evaluatedrigure64 compares the PDF of the
number of objects included in each CPM with the standalone RM and ETSI implemerimafioa.

64 shows that the RM algorithm reduces the number of detected objects includedNvamGer

low and high traffic densities and for both configurations. This reduces the CBR significantly (see
Table13). However, the RM generates a greater number of CPMs that has small number of objects
included. This increases the unnecessary headers in the lower protocol layers that could increase
the consumption of channel bandwidtRigure 63 and Figure 64 show that the standaler_ook

Ahead (LA) and Redundancy Mitigation (RM) algorithmvetheir own inefficiencies From the
analysis performed in Sectiof.3.3.1 and Section2.3.3.2 it is clear that these identified
inefficienciesdoesnot significantly affect the cooperative sensing performance. However, reducing
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these inefficienciescould further improve the overall performance of the cooperative perception.
Thus it is necessary to develafifferent methodologies to combine the Ledkead and
Redundancy Mitigation techniques to achieve higher performance and efficiency in the cooperative

sensing.
1

1

-o-IéTSI -o-IéTSI
RM RM
0.8+ 1 0.8+ 1
0.6 1 0.6+
L L
o [m)]
o o
0.4+ - 0.4+
o« ! ! > ® o0& ' - >
0 2 4 6 8 0 2 4 6 8
Number of objects in each CPM Number of objects in each CPM
(a) Low density (b) High density

Figure 64. PDF of the number of oljects included in each CPM.

2.3.3.3.2Proposals

The objective of combining loethead and redundancy mitigation algorithms is to reduce the
inefficienciesof the standalone techniques and to improve the overall network performance and
perception or sensing capabdg of CAVs. To this aim, two different combination of leakead

and redundancy mitigation algorithms are proposed and analysed in detail. The algorithms are based
on the current ETSI CPM generation rules.

2.3.3.3.3Look-Ahead & Redundancy Mitigation (LARM) Algorit hm

In this LookAhead & Redundancy Mitigation (LARM) algorithmyehicles first check the
conditions to generate a new CPM evé@ryGenCpm The algorithm computes for each detected
object the wvariatiPon tolie abanil @t iecmp ocfhes @menk qple
since the last time the detected object was included in a @RrMw CPM is generated if at least

one of the coditions specified in Sectiof.1.2.1.3is satisfiedfollowing the current ETSI CPM
generation ruledf it is the case, the CPM should include the information about the detected objects
t hat d$admiorssS>§5mieoral>1s. The pseudoode for this process is reported in lines 1

8 of Algorithm Ill. Then, the LARMextends theETSI CPM generation rules with the LAhe
algorithmestimates every time a new CPM must be generated (followirgTt6& CPM generation

rules) if any of the detected objects that are not included in this new CPM would be included in the
next CPM if their current speed and acceleration was maintained. To this al/ARM estimates

the following parameters:

Nextaed® = Pa S- T_GenCpm (1)
NextasS= SaeA- T_GenCpm (2)
Nexteel = TeeT_GenCpm (3)

where S and A are the current speed and acceleration of the detected objectodkiehead
includes in the current CPM those detected objects that shiesfyed®>4m or Nextas>0.5m/s or
Nextael>1s. Their information &P, a5 and &fl) is transmitted in the current CPM instead of the
next CPM. The pseudoode for this process described in lines-26 of Algorithm IIl.
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Finally, the LARM extends thélgorithm IIl by incorporating RM. For every objedhat is
principally included in the CPMby the previous procesthe LARM analyses the change in the
absolute positiorf Bp R) and speed & R) since the last time the object was received in a CPM
from ot her P R®hThreshoes . a rBdS_#eshlol m/s, the object is omitted from
the CPM P_Thresholdand S_Thresholdhreshold values must be equal or smaller than 4m and
0.5m/s respectively to reduce redundaridye pseudaode for this process described in lines 17

24 of Algorithm III.

ALGORITHM 1.

Input: Detected objects

Output: Objects (if any) to include @PM

Execution: Everyl _GenCpm

1. Setflag = false

2. For every detected objedb

3. Cal c uR,a58 e drsree the last time included in a CPM
4. If aP>4m|| &5>0.5m/s|| al>1sthen
5
6

Include object in currer@PM
. Setflag = true
7. EndIf
8. End For
9. If flag = truethen
10. For every detected object not indied in current CPMlo

11. CalculateNextad?, NextassS andNextael

12. If NextadP>4m ||[Nextae5>0.5m/s |Nextael >1sthen
13. Include object in currer@PM

14. End if

15. End For

16. End If

17. If flag = truethen
18. For every detected object in gant CPMdo

19. Cal cul ate @P_R and ®oS_R since the | ast ti
20. feeP_R < P_Redundancy &é&emeS_R < S_Redunda
21. Omit object from current CPM

22. End If

23. End For

24. End If

2.3.3.3.4Redundancy Mitigation & Look-Ahead (RMLA) Algorithm

In this Redundancy Mitigation & LooeRhead (RMLA) algorithm, vehicles first check the
conditions to generate a new CPM evéryGenCpm The algorithm computes for each detected
object the wvariatiPon tolie abaoi Qéncitenp o c imes @Er ead (e
since the last time the detected object was included in a @RMw CPM is generated if at least
one of the conditions specified in Secti@ri.2.1.3is satisfiedfollowing the current ETSI CH
generation ruledf it is the case, the CPM should include the information about the detected objects
t hat d$admiorssS>Q5mee ordl>1s. The pseudoode for this process is reported in lines 1

8 of Algorithm IV. Then, the RMLAextends th&eTSI CAM generation rules with RMFor every
object that is principle included in the CPM the ETSI CPM generation rulethe RMLA
algorithm analyses the change in the absolute pogitiEmR) and speed & R) since the last time

the object was received in a P fr om ot her P RO fAhresHolds . a n¥ ap
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S _Thresholdn/s the object is omitted from the inclusion of CPM even if it complies with the
original ETSI CPM g e rPeThrasholdanaS_Thresh@dhréshotddovalugs t 1 o |
must be equal asmaller than 4m and 0.5m/s respectively to reduce redundaneypseudaode

for this processs described in lines-29 of Algorithm V.

Finally, the RMLA extendsthe Algorithm IV with LA. The RMLA estimates every time a new
CPM must be generated (folling theETSI CPM generation rules) if any of the detected objects
that are not included in this new CPM would be included in the next CPM if their current speed and
acceleration was maintained. To this aim,RMLA estimates the following parameters:

Nexa = PaS- T _GenCpm (1)
Nextas5= SseA- T_GenCpm (2)
Nexteel = TeeT_GenCpm (3)

whereSandA are the current speed and acceleration of the detected obje&®MIl#e includes in

the current CPM those detected objects that satisitad®>4m orNextae5>0.5m/s oMextael >1s.
Their information &P, a5 andad) is transmitted in the current CPM instead of the next CPM. It is
to be noted that thRMLA could include arobject in the CPM that was omitted by the previous
processeslhe pseudaode of theprocesss described in lines 207 of Algorithm V.

ALGORITHM IV.

Input: Detected objects

Output: Objects (if any) to include @PM
Execution: Everyl _GenCpm

1. Setflag = false

2. For every detected objedb

3. Cal c uR,a58 e drairee the last time aluded in a CPM
4. If aP>4m|| a&5>0.5m/g|| al>1sthen

5. Include object in currer@PM

6 Setflag = true

7. EndlIf

8. End For

9. If flag = truethen
10. For every detected object included in current C&
11. Cal cul at e @fincRthedast imegeSeiv&l in a CPM

12. feeP R < P_Redundancy &&emeS_R < S_Redundan:
13. Omit object from curren€PM

14. End if

15. End For

16. If no object in the current CPMen

17. Setflag = false

18. Endif

19. End If

20. If flag = truethen

21. For every detected object not included in current GV

22. CalculateNextadP, NextasSs andNextael

23. If Nextad”>4m ||Nexta5>0.5m/s |Nextael >1sthen
24. Include object in curref@PM

25. End If

26. End For
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27. End If

2.3.3.3.5Evaluation

The promsals are analysed using the simulatiorupeéind conditions described in Secfdh2 In
addition to the forward sensor configuration, a new 3608ssewnfiguration is also incorporated in

this study. In the 360° sensor digaration, the vehicles are equipped with a single sensor with
150m range and a 360° FoV. The proposed algorithms LARM and RMLA are compared with the
standalone Loolhead (LA) algorithm, Redundancy Mitigation (RM) algorithm and ETSI
implementation. For he analysis, the LARM, RMLA and standaloreM algorithm are
implemented considering the threshold: Threshold1lm,S Threshold0.5m/s).

Figure65 compares the PDF of the number of objects included in each CPMheitturrent ETSI
generation rules and the proposé&lgure65 shows that the RMLA significantly reduces the effect

of generating smaller CPMs as highlightedrigure64. In particular, the RMLA proposal increases

the number of detected objects included per CPM when compared with the LARM for all traffic
densities and sensor configuration. This shows that RMLA anticipates more objects in the current
CPM than the LARM and pstbly avoidsfuture CPM transmissionsWhen compared with the
standalone LA algorithm, RMLA contains higher number of objects included in each CPM,
reducing the message size. Also for higher densities, the RMLA significantly reduces the generation
of CPMsthat includes a smaller number of objects (Begure 65.c andFigure 65.d). This is
particularly important because, smaller CPMs increase the number of channel acceds attdmp

the number of times the ITS PDU header and the Management and Station Data containers of a
vehicle are transmitted which could negatively impact the network performance.
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Figure 65. PDF of the number of objects included in each CPM.

Figure 66 compares the PDF of the number of CPMs generatedglecle per second with the

ETSI implementations and proposals. The results obtained show that the proposed RMLA
algorithm significantly reduces the number of CPMs generated per second compared to the current
ETSI rules and other proposals. This reductisrachieved for all traffic densities and sensor
configuratiors. This is because whenever a CPM must be generated, the RMLA algorithm
anticipates more objects that are going to be included in the next CPM and makes the current CPM
larger. This potentiallyavoids the generation dtture CPMs. On the other hand, the LARM
algorithm omits all the redundant object information (both included by ETSI generation rules and
the lookahead algorithm) and makes the current CPM smaller. Thus, increasing the chance of
generating the next CPM with some of the current omitted objects. Fgure 65 and Figure 66,

the LARM significantly reduces the CPM rate and makes each CPM larger bipatitig more
objects. This could reduce the channel access in the network.
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Figure 66. PDF of the number of CPMs generated per second.

Table 15 shows the average channel busy ratio experienced for the proposals and the ETSI
implementation under different sensor configurations and traffic densitiesCBR 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 saturatiffgthis happens, the communications performance
degrades and the packet delivery ratio decrdd®¢sTable15 shows that the ETSI implementation
hashigher CBR when copared with proposals. On the other hand, the proposals reduce the CBR
significantly and higher reductions are observed for the LARM and RMLA. For low density, both
LARM and RMLA reports similar CBR due to the fact that the LARM increases the CPM
generatiorrate while the RMLA increases the objects included in each ,@GRM consuming the
channel bandwidth in a similar fashion. Withe increase in traffic density, more transmitters
generate CPMs which increases the redundancy in the network and RMLAndffioanages the

CPM generation rate and the objects included in each CPM reducing the CBR 1@2%®%hen
compared with the LARM. When compared with the ETSI implementation, RMLA reduces the
CBR significantly by 42%/7% for the higher densities.

Table 15. Average CBR (Channel Busy Ratio)

Low density High density

Forward sensors 360° sensor Forward sensors 360° sensor

ETSI 19.8% 27.6% 33.7% 45.3%
LA 15.7% 24.9% 24.5% 38.3%
RM 16.0% 19.0% 24.0% 27.9%
LARM 13.9% 17.1% 22.0% 26.1%
RMLA 13.4% 17.5% 19.3% 23.4%

The channel load or CBR has an impact on the PDR (Packet Delivery Ratio). The PDR is defined as
the probability of successfully receiving CPM as a function of the distance between the originating
and receiving vehicleszigure 67 plots the PDR for the proposals and ETSI implementation under
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different sensor configurations and traffic densities. The degradation of the PDR with the distance is
due to the radio propagation effects. Tower PDR observed for the ETSI implementation for all
sensor configurations and traffic densities is due to high packet collisions or interf&ignce67

shows that the combined proposals LARM and RMLA achlagber PDR for all configurations

when compared with the standalone proposals. In particular, the RMLA achieves higher PDR when
compared with the LARM for higher density. This shows that the RMLA adapts better with higher

traffic density. FromTable 15 and Figure 67 we can observéhat the combined RMLA achieves
better network performances
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Figure 67. Packet Delivery Ratio as a function of the distance between transmitter and
receiver.

Figure 68 compares the perceptiorctaeved with the current ETSI implementation and the
proposals. 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
consicer that a vehicle successfully detects an object if it receives at least one CPM with
information about that object during the observation time windéigure 68 plots the average
object perception ratio as a furati of the distance between the detected object and the vehicle
receiving the CPMsFigure 68 shows that the ETSI implementation and proposals achieve higher
perception ratio (above 95%) for the critical short andiora distances (up to around 250m) under
different sensor configurations and traffic densities. When analysing the perception achieved at
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higher distances (e.g. above 250iRigure 68.a andFigure 68.b show that the RMLA proposal
achieves the same (or nearly the same) perception as ETSI’s implementation for the low traffic
densities under two sensor configurations. The zoom subplots shé&wgune68.a andFigure68.b
highlight that the RMLA proposal achieves the same perception as ETSI’s implementation for
higher distances. Howeverable 15 shows thathe RMLA algorithmreduces the CBR effectively

by 32%36% when compared with the ETSI implementation for the low density. It is to be noted
that for low densities (se€igure 68.a andFigure 68b), the standalone LA achieves higher
perception at higher distances when compared with the RMLA proposal. However, the increase in
the perception is smaller while the LA proposal increase the CBR by3D88owhen compared

with RMLA proposl. Figure 68.c andFigure 68.d show that both RMLA and standalone LA
proposal achieve higher perception when compared with the ETSI implementation and other
proposals for té high traffic densities under two sensor configurations. The zoom subplots shown
in Figure68.c andFigure68.d highlight that the RMLA proposal achieves the same perception
standalone LA proposal. Howevdrable 15 shows thathe LARM effectively reduce the CBR by
21%-39% when compared with the standalone LA for high traffic densities.
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Figure 68. Object perception ratio as a function of the distance between the detected object
and the vehicle receiving the CPMs.
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Figure 69 shows the effectiveness of the RMLA proposal to reduce the redundancy introduced by
the standalone LA proposal. The figure depicts the object redundancy as a function of the distance
between the object anle 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 propagatbrhatf
reduces the PDRFigure 69 shows that the RMLA proposal effectively reduces the number of
object updates compared to the ETSI's implementation and standalone LA proposal in order to
control the channel load his reduction is achieved without sacrificing the perception performance
that are critical for the safety of CAVBigure69 also shows that the standalone RM and LARM
achieves the lower redundancy while reduding perception at higher distances (5egure 68).

This clearly shows that the combination RMLA performs better than the LARM in terms of
network (sedablel5andFigure67) and application performances ($8gure68 andFigure69).
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Figure 69. Object redundancy as a function of the distance between the detected object and
the vehicle receiving the CPM.

The perception achieved with tRMLA proposal is also analysed in terms of how often a vehicle
receives updates about a detected object. The updates can be received from any neighbouring
vehicle that has detected the same obfegure 70 plotsthe average time between object updates
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as a function of the average distance between the object and the vehicle receiving thénCPMs.
Figure 70, it is shownthat the standalone RM and LARM proposals report higinee between
updates due to the removal of higher number of objects from the current CPM. This makes the
current CPM smaller and increases the generation rate. On the other hand, the standalone LA
proposal and ETSI implementation reports lower time betwgahates while increasing the
redundancy (sefigure69) and CBR (sedable 15). The RMLA proposal reports time between
updates closer to the standalone LA proposal and Eifementation while reducing the CBR
significantly (seelable15) and achieving higher perception ($égure68). This clearly shows that

RMLA omits the unnecessary redumdabject in CPM and proving frequent object updates close

to the standalone LA proposal and ETSI implementation.
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Figure 70. Average time between object updates as a function of the distance between the
detected object and the vehicle receiving the CPM.

To further investigate the timeliness of the received informatiogure 71 plots the distance
travelled by objects betwedwo successiveeceived CPMs with information about the same object

or vehicle. In this case, the metric is named distance travelled between updates and is represented as
a fundion of the distance between the object and the vehicle receiving the CPMs. It is important to
emphasize that the CPMs including information about the same object or vehicle might be
transmitted by different (multiple) vehicles. Similar trends are obsenvedjure71 andFigure70.
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From these resultdhe combination ofthe standalone LA and RM algorithms achieves better
performance. The analysis also showed that the RMLAopes better than the LARM and
improves overall performance of the cooperative sensing.
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Figure 71. Average distance travel of an object between updates as a function of the distance
between the detected object and the vehicle receiving the CPM.
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