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PUSH TOWARDS
HIGHER AUTOMATION

A Robust and reliable automated driving
A Extended and defragmented ODDs

A Interoperability across countries and brands



Project Facts

u60 M|l LBUDGEN u30 MI LFUNDING

53 MONTHS from July 2021 to November 2025

among them OEMSs, automotive suppliers, research institutes, associations,
53 PARTNERS traffic engineering, deployment organisations and mobility clubs

Belgium, France, Finland, Germany, Greece, Hungary, Italy, Netherlands,
13 COUNTRIES Norway, Spain, Sweden, Switzerland, United Kingdom

~
This project has received funding the Eurc

Supported by the European
. euccr _ Council for Automotive R&D research and innovation programme under grant agreement No 101006664
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Hi-Drive concept for automated driving

Basic ADF 0 nominal ODD Destination
Start — E— j

+ l:_nab,El‘ . Connectivity | High -precision positioning | Cybersecurity —

Destination

HiDrive Topical Webinar #9 - Connectivity Enabled Automated Driving | 14 November 2025 6
]

B e




Effects evaluation in the FESTA V

PREPARE (i) EVALUATE (iii)

Legal aspects & Socio-economic & Welfare impacts

Cyber-security

Functions, Enablers & Use cases description

Impacts on Safety, Mobility, Efficiency,

Research questions & State of the art Environment & Transport system

PerfarmanCen dicatorsIE e asNIes Effects on Traffic & Travel behaviour

Users, Use & Interaction
Data tools, Databases & Common formats

Technical performance

Study design & Evaluation plan . .
Data processing & Delivery

Experiment set-up Experiment wrap-up

OPERATE (ii)

FESTA implementation plan adapted for
- - q
HiOrive

Experiment operation

HiDrive
]

Goals

a |llustrate full Hi -Drive approach
towards extended and defragmented ODDs

A Enabler implementation and operations
A Pilot data evaluation
A Impact assessment
a Applied to 2 exemplary use cases
A Cooperative Merging

A V2X at Complex Intersections

df

References: HiDrive Deliverable D4.5 (2023) hitps:/ww.hi -drive eu/app/ uploads/ 2023/08/Hi -Drive:
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Scope of the Webinar

Enabler implementation Pilot data evaluation

and operations

a  Development and a Effect on AD
testing availability and

a  Evaluation of enabler - driving behaviour
specific KPIs (latency, o Based onPerformance

del i v er yndicamrs €PIls) derjved
from operation data

packet

‘Operation Data Performance Results /
(CDF Files) Indicators (Pls) Answers to
RQs

B .
R -

) mp
Ein N =
PI Calculation Comparison —

and Poaling and

(by Evaluation Creation of
% nnnnn ) Results (by
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HiDrive

Impact assessment

Broader impacts on
traffic analysed
Based onsimulations

for various AD
penetration rates

o]

Outlook

Outlook and
deployment challenges
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Tech Enablers | Thematic Areas

COMMUNICATIONS SRS R MACHINE LEARNING
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Connectivity Technology Approach in Hi  -Drive

Linking vehicles and VRUs directly

Linking vehicles and road

ITS G5, LTE V2X, 5G v2X
Vehicle-to-Pedestrian (V2P) ‘

infrastructure directly (e.g. traffic

ITS G5, LTE V2X, 5G V2X 4G / 5G

Vehicle-to-Infrastructure (V2I) ‘

Icat
ve 5, VRUs and road infrastructure

4G / 5G + MEC

Hi-Drive adopted a technology -agnostic approach, focusing on the AD function, innovation, implementation
and evaluation in a wide range of use cases.
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Four Groups of Connectivity -Enabled Use Cases in Hi-Drive

Hi-Drive explores 21 connectivity -enabled use cases in four different categories, based on the nature of
their approaches

o V2V-Enabled Use Cases 7 use casesfocusing on various implementations of cooperative sensing, cooperative awareness,
cooperative manoeuvring, cooperative merging, coordination in complex road segments, and cooperative overtaking.

o V2I-Enabled Use Cases 7 use casesfocusing on various implementations of Green Light Optimised Speed Advisory
(GLOSA), V2lassisted highway junctions merging, V2lassisted hazard warning, V21 technology for ODD extension and
defragmentation, V2I-based dynamic signage at junctions

g Vehicle to Cloud (V2C) Enabled Use Cases: 6 Use casesfocusing on various implementations of cloud -assisted
cooperative sensing, cooperative sensing/perception, road hazards notification and dynamic signage, network QoS
prediction for connected automated vehicles, vehicle In-use monitoring, dynamic road information for ODD adaptation

o Visible Light Enabled Use Cases 2 Use casesfocusingonVe hi cl eds i nt ent Danboart displaymmuni cat i
Vehicl eds i nt ent-nearrfieldpwjectonni cat i on
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Commonly used V2X Messages and their contents

o  CAM (Cooperative Awareness Message): provides information about the originating station's presence, position, dynamics
and basic attributes.

o  CPM (Collective Perception Message) enables vehicles and roadside units to exchange information about detected objects
and their surroundings, enhancing environmental awareness beyond onboard sensor range.

a  DENM (Decentralised Environment Notification Message): contains information related to a road hazard or an
unconventional traffic condition, such as its type, position and other supporting information.

a  SPATEM (Signal Phase and Timing Message): contains dynamic information about the status of a signalised intersection,
e.g., traffic light state, future state prediction, speed advice, queue state information, etc. A MAPEM (see below) accompares
a SPATEM to provide topological information about the intersection.

o MAPEM (Map Extended Message): defines road and lane topology near a junction and provides the data required to
decode a SPATEM.

a  MCM (Manoeuvre Coordination Message): contains information about the planned trajectory, desired trajectory, and
dynamics of the originating vehicle alongside several other control fields.
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Concept of the Pilot Data Evaluation

Hi-Drive Operation Data Performance Answers to
Operations (CDF Files) Indicators (PIs) Research
Questions
EADF = aor —
ADF w/ Enablers g [

k a eutswr.ie_inlerseclinn_umnrluented
Pl Calculation Comparison i

mean(posit
"

BADF

ADF w/o Enablers Data : : : — oaor ——
Conversion and Pooling and Creation
of Results
2 T
Manual Driving
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Hi-Drive Impact Assessment 0 Baselines and Treatments

*ADF = Automated Driving Function

Overall EADF effects

10% and 30%
ADF penetration

30% and 50% Enabler contributions
ADF penetration

Full penetration

of mandatory X% BADF X% EADF
ADAS
. ~N
o - o i
D D i
Manual, no ADAS Manual with ADAS Baseline ADF Enabled ADF
(without enablers) (with enablers)
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Agenda of the webinar

PART ONE

Introduction Marcel Sonntag,ika | Mehrdad Dianati, QUB/WMG
Enabler Implementation and Operations Michele Rondinone, HYU

Cooperative Pilot Evaluation Results JeroenHogema, TNO

Merging Impact Assessment Results Lin Xiao, TNO
Q&A
Enabler Implementation and Operations Konstantinos Koufos, QUB/WMG

V2X at Complex Pilot Evaluation Results Benjamin Ayre, WMG

Intersections Impact Assessment Results Marcel Sonntag, ika
Q&A
Outlook and closing - V2X challenges Ashok Krishna, VCC
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Collaborative Merging 0
Enabler Implementation and Operations

Michele Rondinone |
Hyundai Motor Europe Technical Center GmbH



Contents

a Introduction : ODD limitations at highway merging sections
o Enabling cooperative merging via V2V communications
o Implementation and Integration scheme

o Enabler evaluation results : conclusions on ADF applicability
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ODD limitations at highway merging sections

g  ~20% of time driven in AD mode on highways challenged by
lane changes and cutin scenarios.

a At merging sections, NLOS conditions usually degrade AD operation:

A Ramp vehiclesmight not see approaching highway vehicles in time
and understand if they yield or not

A Highway vehicles cannot always interpret in time if and how ramp
vehicles will merge

a Result

A ramp vehicles (without right of way) are safer if manually driven
(limited ODD)

A Highway vehicles might need to react with sudden decelerations
depending on ramp vehicles behaviors (improvable ODD)

1L 3pil ot deliverable D6.5: 6Pilot reporting outcomesédé & L3
available at https://I3pilot.eu/downloads.html

on resu
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V2V for cooperative automated merging

a Continuous and real-time exchange of messages including
explicit maneuvering intentions and reactions enables
o0oCooper at i ve abeemerging sectionn g 0

a Al'l vehicles continuously transmi anned

trajectoryo

a Ramp vehicle notifies merge inten
trajectoryo

a |f feasible, highway vehicle adapts its planned trajectory to
accommodate ramp vehiclebds merge

a  When recognized, ramp vehicle changes desired into the
planned trajectory and merges smoothly
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Implementation and Integration

a V2V Enabler integrated in Hyundai prototypic highway chauffeur ADF

A Based on ETSI ITS G3\(iFi-like direct short-range communications)

A Maneuver Coordination Messages (MCMs, including exchanged trajectories) constantly broadcasted at 10Hz
o Functional interoperability validated vs similar (but independent) implementations from Honda and FEV.io

a  Extensively tested with proving ground trials under multiple use cases and scenarios and compared vs baseline
implementations (without V2V)

1Under Standardisation at ETSI TC ITE{TSI TR 103 578 & ETSI TS 103 561)
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Official Roadshow Video

*  HiDrive

Designing Automation

R o

https:// www.youtube.com/watch?v=Ysf68dkN_ss
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Enabler evaluation: PDR

o What is an acceptable Packet Delivery Rate (PDR) of MCMs for successful cooperative merging?
o Do PDR fluctuations at subsequent instants negatively influence cooperative merging?

a Focus on relevance area 200m around
earliest possible merging point.
PDR measured on 1s sliding windows
(10 MCMSs) during test time. L ———SeSSSSSSSn e snseas

Relevance area

Ramp vehicle

Results
a PDR > 99% in 90% of the cases

g  PDR Fluctuationswhere MCMs are not delivered for at least 4 consecutive times are rare (0.25% of the time);
occur at relatively large inter-vehicle distance (~92m on average) anddo not negatively influence the success
of cooperative merging (are not correlated with unsuccessful merges)

a  With the measured PDR and the adopted configurations, the enabler successfully supported cooperative
highway merging in all tested scenarios.

Conclusion : the above measured PDR (and its fluctuations) can be seen as an empirical minimum performance
requirement for the V2V -enabled ADFE

11t was not possible to determine if the ADF could keep its functionality even at lower PDRs
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Enabler evaluation : Latency and Inter -Arrival Time

a  What is an acceptable MCM end -to-end latency range for successful cooperative merging?
o What is an acceptable range for inter -arrival times between received MCMs?

a  Focus on relevance area 200m around
earliest possible merging point.
Tx and Rx packets are logged directly
above the MAC layer of the used radio
access technology (ETSI ITS G5)

Ramp vehicle

Relevance area

Results
g Latency<= 2.68ms in 90% of the cases
a Inter-arrival time <= 191.36ms in 90% of the cases

o With the measured performance and the adopted configurations, the enabler successfully supported cooperative highway
merging in all tested scenarios.

Conclusion : the above measured latency and inter-arrival times! can be seen as empirical minimum performance requirements for
the V2V-enabled ADF.

11t was not possible to determine if the ADF could keep its functionality even at degraded latency and inter-arrival time performance
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Collaborative Merging 0
Pilot Evaluation

Jeroen Hogema | TNO




Contents

A Introduction & Methods
A Results

A Discussion & Conclusions

HiDrive

FGVIO m innovation

for life

HONDA MOTOR GROLP
EUROPEAN TECHNICAL CENTER
t,".“__}f -
‘|, | RWTH X5 )
[ <
Icce
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Introduction

ANALYSIS ZONE

: Ramp :
: vehicle :
: - ; |
: ST 00T !

Merging zone: 210 m Motorway vehicle

o Investigated on a Test Track
o  Two actors, both passenger cars:
A (RV)
A Motorway Vehicle (MV)
o Testscenarios staged such that Ramp Vehicle and Highway Vehicle will meet at the merging zone
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Introduction

Conditions Outcomes
o BADF: ADF without V2V g RV merges
a EADF ADF with V2V g RV does not merge :

A RV stops on on-ramp
A Take-Over Request
A Safety driver intervenes

Research Area 1: Effect of the enabler on ODD extension

Research Area 2: Effect of the enabler on ADF driving behaviour
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Three Test Scenarios

Test scenario 1

MW slows down

RV attempts to
merge in front

HiDrive

@D

MW continues

RV attempts to
merge behind

| Test scenario 3

MV changes lane

| to facilitate RV
| RV attempts to
7 merge
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Hi-Dr 1 ve 0s dthenTecbnmal Evaluation

Hi-Drive Operation Data Performance Results /
Operations (CDF Files) Indicators (PIs) Answers to RQs

EAD F - g:::a\ W EADF

ADF w/ Enablers ﬁ =
i I
BADF o outside_intersection_uninfluenced
ADE w/o Enablers Data ' PI Calculgtion Comparison o L

Conversion and Pooling and s

(by Evaluation Creation of
Partners) Results

= (by Evaluation

Partners)

max(lay|) [m/s*]

Manual Driving _E

HiDrive
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Scenario-based Evaluation of Automated Driving in Hi  -Drive

g  Segmenting the trip into instances of defined driving scenarios

a  Deriving Performance Indicators (PIls) per instance of a driving scenario

LC Cut-ln | TOR

ADF available T

mean(v)=108.4 km/h

mean(v)=112.4 km/h

mean(v)=115.2 km/h

mean(v) = 108.3 km/h max(ay)=1.1 m/s2 Take over controllability rating = 6
mean(THW) = 1.67 s

mean(Vop;)=93.4 km/h

o Comparing Performance Indicators of Treatment (EADF) with Baseline (BADF)
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Research Area 1: Effects on ODD extension

Per test: Was the ramp vehicle able to merge?
If so, where did it merge with respect to the motorway vehicle?

EADF

Target

TS

TS1 6.9% 35.3% 42.2% 100.0% 0.0% 100.0%
TS2 13.3% 85.7% 99.0% 2.8% 97.2% 100.0%
TS3 n.a. n.a. 34.8% n.a. n.a. 98.6%

o TSI, TS3: A drastic increase of the percentage of successful merge attempts when adding the enabler

o In TS2, the percentage of successful merges is already close to 100% in BADF
A showing that not having V2V is sufficient for the ADF to cope with this simplistic 2-actors scenario
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Research Area 2: Effects on ADS driving behaviour

Driving Scenarios for the ramp vehicle

[ in_lane_uninfluenced }

Perfoms lane merge?

No Yes

v

[ in_lane_uninfluenced ] [lc_mand_lane_dmp_on_mmp]
|
* i Behind MW vehicle?
in_lane_standstill
[ - ] l No Yes l
[ in_lane_uninfluenced ] [ in_lane_following ]
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Research Area 2: Effects on ADS driving behaviour

Driving Scenarios for the motorway vehicle

[ in_lane_uninfluenced ]

i Perfoms TS3 lane change?
Yes

l No
Behind ramp vehicle?
lc_disc
No Yes
I i
in_lane_uninfluenced in_lane_uninfluenced . In_lane_cut_-ln_rear_end .
in_lane_approaching_long_moving/
in_lane_following
Hi'ﬂrive Topical Webinar #9 - Connectivity Enabled Automated Driving | 14 November 2025 33
[




Research Area 2: Effects on ADS driving behaviour

wem BADF mmm EADF
200 4
Perfoms [one movge? T

) [ [ —_

. E 175

: g

i Balving MW vehicla? o 159
[ mseses | LR 1 =

[ n.m_m] [ in_tan_following ] e A5
E

5 100
E=1
3

Ramp vehicle perspective: e "
a

The lane merge manouvre £ 5]
ke

a  Without enabler: 2 3
merge happens close to the end of the merging zone E

a  With enabler : 0

merge happens earlier lc_mand_lane_drop_on_ramp
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Research Area 2: Effects on ADS driving behaviour

in_lane_uninfluenced
Perfoms TS3 lane change?
Yes No

i Behind ramp vehicle?

No

[ in_lane_uninfluenced ] [ in_lane_uninfluenced J

Yes

In_lane_cut_in_rear_end
in_lane_approaching_long_moving/

in_lane_following

Motorway vehicle perspective:
Cut-in / approaching / following after
the ramp vehicle has merged in front

a  With enabler

- Larger Time Headway
- Larger Time-To-Collision
- Realisedby EADF using marginally higher

decelerations t

HiDrive

han BADF

Change Median Median
[%] BADF EADF

std (ax) [m/s?] 0.003 0.64 0.70

min (ax) [m/s?] <0.001 545 -0.1 -0.65
Comfort max (ax) [m/<] 0.007 8.7 2.1 2.3

mean (ax) [m/s?] 0.16 13.0 0.34 0.39
Efficiency std (v) [km/h] 0.35 -2.26 9.81 9.59

min (THW) [s] <0.001 58.1 1.69 2.66
Interaction min (TTC) [s] <0.001 3329 3.34 14.47
with Traffic mean (THW) [s] <0.001 30.1 2.15 2.79
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Conclusions

o Functional interoperability = among various implementations of cooperative manoeuvring
by different vehicle owners.

g Very positive ODD extension results with V2V

A In the challenging Test Scenarios TS1 and TS3, the percentage of trials where the
ramp vehicle was able to merge increased from less than 50% without enabler
to (almost) 100% with enabler.

o ADF driving behaviour with V2V

A Results confirm favourable effects of the enabler in terms of safety in interaction
with other traffic (larger THW, TTC) and robustness irmerging in a convenient average distance
of 85 meters from the end of the merging lane.
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What are the impacts of AD and cooperative merge enabler on
traffic efficiency, energy consumption and emissions?

Impacts on

Traffic stochasticity & traffic flow
Traffic flow dynamics

operatlon
I ) -, S
P Optimal

deployment
conditions

Microscopic traffic simulation

Traffic flow heterogeneity
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How is the Cooperative merge enabler modelled in the simulation?

COM API
CooperativeMerge.py
Event-based script | Step 1 Trajectory estimation

VISSIM 'LStep 2 Conflict identification

Step 3 Deceleration calculation

Driver Model API

Step 4 Deceleration integration
Desired acceleration = Min(acceleration,
cooperation deceleration)

Realized acceleration

>> Model details and assumptions of ADF and enabler are available in D7.4 Effects on Mobility, Efficiency and Environment
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icles In Nef
VehType &00: EADF-Car
Lane 7-1
Pos 087.858
Speed 120.00
DesSpeed 120.00
Acceleration 0.00
LnChg None
Destlane S -
PTLine
PTDwellTmCur
Conflict O
Cooperativelehicle 0
CooperativeDeceleration 99,00
AcceptedCM 0
urban_scenaric OJ
veh_BADF_setspeed 33.33
veh_automation_state 2
static_route

Quick View [Vehicles In Metwork)




How is the Cooperative merge enabler modelled in the simulation?

CEIYICTCT
»
COM API e o e
CooperativeMerge.py o =S
Event-based script Step 1 Trajectory estimation et B
VISSIM Step 2 Conflict identification = e
Step 3 Deceleration calculation i
3 e e
B o e e w
& ——

Three required conditions for a cooperative merge:

Driver Model API . . c .
Step 4 Deceleration integration o Merging EADF vehicle can find an EADF vehicle on motorway

Desired acceleration = Min(acceleration,

cooperation deceleration) o A con f I | C t | S | d en t | f | (S] d | n b

o Required deceleration is acceptable (smaller than 2 m/s?) for the
motorway EADF vehicle

Realized acceleration

>> Model details and assumptions of ADF and enabler are available in D7.4 Effects on Mohility, Efficiency and Environment
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Simulation experiment designs

Full impacts of ADF and enabler

M M Manual driving on motorway and ramps.

1 - - 1 t
ADF activated on motorway, manual driving on ramps. Enabler impacts

ADF activated on motorway. ADF activated on ramps under
() @" cooperative merge, otherwise driver take over control.

Baseline Traffic Today (TT) Full ADAS (FA) NOTE
Speed limits 100 and 120 km/h Each scenario runs 10 repetitions
. using different random seeds.
Motorway traffic 1000 and1500 veh./h/lane o Traffic Today: manual driven vehicles
Merging traffic 200, 300 and 400veh./h & Full ADAS manual driven vehicles
with intelligent speed assistance (on
ADF penetration rate 0, 10 and 30 % 0, 30 and 50 % average 3% lower in desired speed3
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Results: how often does cooperative merge occur?

Cooperative merge percentagée= pmmbp

Motorway traffic volume Ramp traffic volume

(veh./h/lane) (veh./h)

200 6.9% 8.8%
1000 300 8.0% 7.1%
400 8.1% 8.4%
200 16.6% 17.0%
1500 300 15.9% 13.6% : Most
Increased applicable
400 EElIES : 13.7% 14.3% : scenario

Cooperative Merge Enabler extends ODD and facilitate motorway merge for ADF vehicles!

HiDrive
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Efficiency impacts 0 Travel time and delay

BADF
EADF

HiDrive

Baseline: Traffic today

10 30 50
ADF penelration rate (%)

Baseline: Full ADAS

10 30 50
ADF panetration rate (%)
- 1000 - 1500 vehicles/hourflane

- 1000 —= 1500 vehicles/hourflana

Enabler impacts
o Reduced travel time and delay at 50% ADF, especially under moderate traffic

Reductions 200 veh/h 300 veh/h 400 veh/h

Speed limit 120 km/h
50% ADF

Travel Time 4% 5% 8%

Delay 18% 18% 28%

o These benefits are smaller at lower speed limits.
a Minimal impacts at low market penetration rates and light traffic.

Full impacts of ADF and enabler
o Higher ADF rates increase travel time and delay.
a Efficiency loss becomes more pronounced with dense traffic.

Insights : When introducing ADF in motorway traffic, it is important to deploy

cooperative merge enabler at motorway merging since it mitigates large traffic
efficiency loss due to conservative responses of BADF to merging vehicles.
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Efficiency impacts 6 Number of hard brakes (-4 m/s?)

% ous Baseline: Traffic today Enabler impacts
g a  40% decrease in the number of hard brakes at 50% MPR.
§ o1l a  Benefits are less pronounced under light traffic and lower speed limits.
§ g Atlow market penetration rates (10% TT, 30% FA), the impact is minimal.
% 0.05 1
&
] R =
g R '
= 75 1 30 %o
ADF peretration rate (9}
g 0.15 Baseline: Full ADAS
E
; 0.1
= Insights: These results explain the significant efficiency benefits in scenarios
ﬁ 0.05 | _ where the cooperative merging enabler is most applicable. Fewer hard brake
5 - " _ events, more stable traffic flow and higher traffic efficiency.
L I —

It also implies the cumulative effects of the cooperative merging enabler on
overall motorway traffic, extending beyond just the cooperating vehicles.

ADF penetration rate (%)

BADF - = 1000 = 1500 vehicles/hour/lane
EADF ——s— 1000 ——e— 1500 vehicles/hour/lana
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Environmental Impacts 0 Tractive Energy Use

o Baseline: Traffic today Baseline: Full ADAS
N . e E _ g :
Z 03
g
f 0.2 BADF - 1000 - 1500 vehicles/hour/lane
@ EADF =— 1000 *— 1500 vehicles/hour/lane
5
2 0.1
L
0
1] 10 30 50 0 10 30 S0
ADF penetration rate (%) ADF penetration rate (%)
Enabler impacts Full impacts of ADF and enabler
o  1-3 % of energy use reduction at 50% a 1% increase at 50% with light traffic.
MPRs o 2-4% increase at 50% with dense traffic.
HiDrive
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Environmental Impacts 96 CO2 Emission

300

100

CO, emissions [gVKT)

200 ——

10

Baseline: Traffic today

30
ADF penetration rate (%)

Enabler impacts

e mi

of COnn

a 2-3 %
50% MPRs.
HiDOrive

SSi

ons

Baseline: Full ADAS

i)

1000
1000

BADF -
EADF -

10 30 50
ADF penetration rate (%)

Full impacts of ADF and enabler

r eldouarndtd% mareasad at 30% and 50%
MPRs compared to 0% full ADAS
baseline.

1500 vehicles/hour/lane
1500 vehicles/hour/lane
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Conclusions & Takeaways

a Cooperative Merge Enabler can facilitate motorway merge for ADF vehicles andextend ODD . Cooperative merge
percentage varies largely depending on motorway traffic demand , merging demand and ADF market penetration rate

a At 50% market penetration rate and moderate motorway traffic (1,500 vehicles/hour/lane), cooperative merge percentage
reaches 1623%, results in

A 4-8% reduction in travel time ;

A 18 - 28% reduction in delay;

A 2-3% reduction in CO2 emission;

A 1-3% reduction in energy consumption .

a Cooperative Merge Enabler also show impacts on smoothing traffic, illustrated by a reduced number of hard brake events,
from 0.12 to 0.07 events per vehicleat the highest case.

o Low number of cooperation and insignificant impacts on traffic efficiency and environment are observed at low ADF
penetration (10% and 30%) and low motorway demand (1000 veh/h/lane).

More results: Hi-Drive Deliverable D7.4 Effects on Mobility, Efficiency and Environment - HERE
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https://www.hi-drive.eu/downloads/

Hidrive —
TOPICAL WEBINAR #9

V2X at Complex Intersections &
Enabler Implementation and Operations

Konstantinos Koufos, Mehrdad Dianati |
QUB/WMG



Presentation Summary

a  Technical Enabler Overview

a  Test Bed Description

g One Autonomous Journey

g Connectivity KPIs (1000 Journeys)

g Motion Planning & Control Mechanisms

o Takeover Request Analysis (1000 Journeys)

o Safety, Comfort & Efficiency KPIs (1000 Journeys)
o Q&A
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Technical Enabler Overview

Tech Enabler Title: V2N for Cooperative Sensing.

Tech Enabler Description: Urban Chauffeur at an unsignalised roundabout, the EGO fuses its onboard detections with EDGE
detections. The EDGE packages objects in Collective Perception Messages (CPMs) and broadcasts them over-IG5S; the EGO
associates and fuses these CPMs with its local object list to extend-0V and mitigate occlusions.

RSU &
Edge Computing

Infrastructure Sensor

EGO Vehicle with OBU

Map data ©2021, Google

The onboard computer performs local object detection The EDGE performs object detection and tracking by

and tracking based on its own sensor data. processing raw data from two infrastructure -mounted LIDARsS
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Test Bed Description o Open Innovation Vehicle Platform

Vehicle fully instrumented with sensors and communications hardware to form a development platform
that is capable of autonomous driving.

a A sensor suite that will enable the vehicle to 6seed the e
g Communications interfaces to support connected and cooperative autonomous driving.

o Programmable processing platform that uses the extensive sources of input data to control and monitor the vehicle.
g On board data storage to log data (sensor, vehicle status, communications messages).

Antennas
GNSS

Cellulag

80211p

o— o
wnpUlT SWMG |
e LS
INTELLIGENT VEHICLES

| RESEARCH GROUP
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Test Bed Description o Mobile Roadside Unit (MRSU)

A highly configurable mobile sensor and communications node to support
perception data collection and temporary infrastructure node.

Key Features:
g On-board batteries & continuous running of over 15 hours.
a |P rated enclosure with heating and cooling.
o Designed to allow rapid mounting and dismounting of equipment. | " il GWMG

” NTELUGENWENIC[ES

o On-board computers with GPU compute. “ iu "'ﬂ;;ve
g Node Dimensions ~ L137 cm, W80 cm, H132 cm (extendable poles up to 8m).
Sensors:
g 3 mono cameras, LIDAR, Radar, GNSS.
Communications:

g |TSGS5/DSRC (802.11p)WiFi(802.11n), Cellular 4G.
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V2X Connectivity KPIs

RSU

The following technical KPIs were measured:

a Packet delivery rate (PDR): Fraction of RSUsent

packets successfully received/decoded at the EGO
vehicle;

computed as a sliding 2-s moving average.

o Packet inter -arrival time: Time lapse between 300m 200m
consecutive successfully decoded packets at the EGO; —
CPM nominal period is approximately 100ms. _ % : e
. . E o
o Packet latency: One-way application-layer delay from 5 70
. . e L1+
RSU app timestamp to EGO app reception; £ so
includes communication plus encode/decode and S Shading at the 10th &
. [ porcentiles
processing delays. 2 L
& a1t <00 -150 100 -5 (s ]
Location of the EGD vehicle w.r.t. the R5L
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V2X Connectivity KPIs

a  As the EGO vehicle approaches the RSU, the expected packet intearrival time stabilises around 100 ms,
matching the CPM expected transmission interval.

o Packet latency is uncorrelated with the RSUEGO Euclidean distance but increases with payload, i.e.,

more object s | arger CPM packet hi gher | atency.
1 200
Packet latencies
. 0.9 1ao ® Linear regression| |
L " 160
£
E 140
= Shading at the 10th & o7 & '
g the 90th percentiles 06k @ 120 :
= [T ]
f O g5 = 100
o [ E -
£ L 0.4 x 80 i l !
v 1]
5 102 } A ! 0.3 =S i * ‘ ..lb
& s — Packet latency " T T
’ = = = Fitted normal distribution
o ; 20]* |pm = Lo+ 207 | ]
u = =! " " i " e i i
-250 -200 -150 -100 -50 0 10 20 30 40 50 (1] T0 &80 . 5 10 15 0 25 0
Location of the EGO vehicle w.r.t. the RSU Packet latency (ms) #objects in CPM
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Control Strategy Summary

Three control logics are employed in the system (with ascending priority):

1. Waypoint Following

The EV adheres to predefined waypoints and their associated speed profiles.

a Lateral control (i.e., steering angle) is consistently performed based on
waypoints.

. Roundabout Approach and Entry E:E
Monitors the Region of Interest (ROI) while approaching the roundabout.
If the ROI is occupied, the ego vehicle will slow down and come to a stop
before entering the roundabout.
Deceleration limits are defined to prevent uncomfortable braking.

. Car Following :
Ensures Timeto-Collision with the leading vehicle does not exceed a
predetermined threshold.

a Relies on onboard perception regardless of driving mode (EADF/BADF).

o]

N

o]

o}

o]

w

B ooyiot SN A
m— 0 32 NP dzii §
wS3arzy 27

o]
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Research Questions

=Y

AD Robustness

9

e

ATo what extent do
enablers enhance
AD robustness in
challenging driving
scenarios?

Safety

k¢

<2

AWhat is the effect of
AD and its enablers
on the frequency of
incidents?

Comfort

=0

AWhat is the effect of
AD and its enablers
on longitudinal and
lateral acceleration?

Time Efficiency

AWhat is the effect of
AD and its enablers
on the time to
complete a test-
driving scenario?

HiDrive

B e
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AD Robustness: Number of Driver Take Overs

o  EADF contributes to lowering the number of take -overs (increasing ODD robustness):
o BADF: 49/404 (12.1%)
o EADFE 37/412 (9.0%)

EADFvs.BADF. tRobustness t Safety

_ _ No. & % of TOs
Takeover type | Reason for takeover Safety Driver action

Stopped the car before the

Unsafe entry to roundabout 39 (9.6% 33 (8%

Slieiy . roundabout or accelerated to merge ( 0) (8%)

. Hesitance of the ADF in merging into available gaps Manually entered roundabout to

Efficiency . e i el blialah _ 0 (0%) 2 (0.5%)
and causing a queue of traffic behind the ego vehicle avoid negative impact on traffic
Missed detection of crossing pedestrians or traffic jam , .
. el J Stopped the car to avoid collision 10 (2.5%) 2 (0.5%)
inside roundabout
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Safety: PET Definition

Post Encroachment Time (PET): The minimum time shift for the ego vehicle worldline that results in a collision with
another object within a defined conflict zone.

Front-end PET corresponds to interactions with leading vehicles and can serve as an indication of safety and efficiency.
Rear-end PET corresponds to interactions with following vehicles and can serve as an indication of safety.

- Enabler infrastructure

—— g0 vehicle raute PET across a single test run

E — Conflict mane

7 o I, L 1

spate(m)

Frontend pet -end r»pefRear

tirme(s)
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Safety: PET Definition

a PostEncroachment Time (PET): The minimum time shift for the ego vehicle worldline that results in a collision with
another object within a defined conflict zone.

g Front-end PET corresponds to interactions with leading vehicles and can serve as an indication ofsafety and efficiency.
o Rear-end PET corresponds to interactions with following vehicles and can serve as an indicatsafedy.

Front-end PET: Rear-end PET:
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Safety: PET Boxplots

Front-end PET: Rear-end PET:
g Manual driving demonstrates lower (absolute) a Manual driving also demonstrates lower
front-end PET compares to both ADRdgasend PET compares to both Al
ADF vs. Manual : T Safety § Efficiency ADF vs. Manual: ¥ Safety
Manual Manual
s BADF Em EADF s BADF mm EADF
g | 5|
1 1 34
—10 4 o
zone_entering_roundabout - zone_entering_roundabout
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Comfort: Longitudinal Acceleration

Maximum Longitudinal Acceleration: Minimum Longitudinal Acceleration (Deceleration)

o  EADF demonstrates a small reduction in maximum
acceleration on approach to the roundabout, indicating
slightly smoother acceleration behaviour.

a EADF demonstrates the least desirable behaviour in
terms of deceleration.

EADF vs. BADF vs. Manual: € Acceleration EADF vs. BADF vs. Manual: § Deceleration
Manual Manual
. BADF . EADF Median Longitudinal Acceleration mm BADF . EADF
= Manual 5
25 [ 08 - 200: ol | .
Roundabout ul ‘
- g e - {J |
= ' ' E .. =
L) ' a
E 5 i E -3 | |
% 15 ! 1 g K E ‘
= © £ o
£ I 3 E -4 | |
‘o) | | < oo 4 |
-0.2 1 I |
zbnt__approach:ng__ﬂ:unduhnut - ¢ v “ 17:3“ ;‘nﬂan‘e?mr “ " “ o zone‘apprmh}nq‘mgmdabnu! I
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Comfort: Lateral Acceleration

a  EADF and BADF are similar in terms of lateral acceleration inside the roundabout.
o Both ADFs have lower lateral acceleration compared to Manual driving.

ADF vs. Manual: T Lateral Comfort

Manual . )
mmm BADF mmm EADF Median Lateral Acceleration
Manual
2.0 1 BADF
3.5 4 ] — EADF
Roundabout
o 1.5 4
£
l'-“*\-".i 01 é 1.0 4
£ c
- i)
= ©
0.5 1
% 2.5 4 T E)
= [o)
g 3 o0
g
2.0 4 =t
=0.%
15 ——— © 10 20 33 4 % 6 70 80
Zone_inside_roundabout Travalled Dictance (il
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Time to Complete Test Runs

Manual
. BADF N EADF
35 4
o Median of time to complete test runs:
o : 13.7 sec 3 *
o BADF 16.6 sec S
o EADF16.8 sec 2"
o BADF and EADF are similar in terms of time efficiency. <
w20
o  Both ADFs exhibit slower trip completion times, which é’
can be attributed to their conservative design.
15 1 —
ADF vs. Manual: ¥ Efficiency full_trip
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Analysis Summary

— Safety — — Time Efficiency 7
EADFvs All; ADF vs. Manual:
Safer roundabout Less time efficient.
entry.

—— Comfort —— Comfort ——

EADF vs BADF:

Better acceleration
adaptation.

ADF vs. Manual:

Higher lateral
comfort.

Harsher deceleration.
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V2X at complex intersections - impact assessment results - introduction

a  Multiple operations conducted for V2X for
collective perception and cooperative
awareness

a Focus of this presentation are effects at
oregul ar 6 i,dueéorhsirchight i ons
rel evance (high velocit

a Broader scale impacts assessed viaimulations

g |mpact assessment for:
a Efficiency & Environmental (1 st part)
o Safety (2"? part)

Source: A Bolovinou et al. (2023). HDrive Deliverable D3.18 Use cases definition and description.
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Network setup for efficiency & environmental impact assessment

Scenario: Yield sign -controlled intersections

o ADF without enablers (BADF) : The Baseline ADF (BADF) vehicle cannot perceive approaching vehicles
(limited field -of-view of on-board sensors or sensors occlusion). Approaches intersection on
minor road with 10 km/h.

a  ADF with enablers (EADF) : Due to V2X, EADF
knows about crossing traffic despite occlusion
and does not need to decelerate always.

Independent variables simulated in PTV ~ Vissim:
o Traffic volume: 200veh/h, 400 veh/h, 600 veh/h
g Speed limits: 30km/h and 50km/h
a AV penetration: 10%, 30%, 50%
Indicators:
a Travel time, Delay, Number of stops

o  Energy demand CO2 emissions
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Efficiency & environmental impact assessment results

Travel time

a Compared to manual (0% ADF), no significant effects
of ADFs for low (200veh/h) and medium (400 veh/h)
traffic volume

o Enabler led to reductions compared to BADF:

A Ranges from 0.18% (10% ADF & 200veh/h) to 21%
(50% ADF & 600veh/h)

Energy demand

o Compared to manual , small improvements for ADFs
for low and medium traffic volume

a Enabler led to reduction in the energy demand
compared to BADF:

A Ranges from 0.15%(10% ADF & 400veh/h) to 2.07%
(50% ADF & 600veh/h)

HiDrive

Exemplary results for 50 km/h

1000

Traved time [s/VET]
$ 88 ¢

[ =]

o3

Baseline: Traffic today

Baseline: Full ADAS

== -

T T
10 30
ADF penetration rate ()

Baseline: Traffic today

50

T T
10 30
ADF penetration rate (%)

Baseline: Full ADAS

Energy use [KWhVKT]
=]
ha
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Efficiency & environmental impact assessment results

General Conclusions

Reductions were found for all indicators by enablers compared to BADF at almost all scenarios
o Effect sizes increasing with higher traffic volumes and higher ADF penetration rates
A At high volume and low ADF penetration there are not enough available gaps for the EADF to take advantage of the info

A At high ADF penetration rate there are more gabs in the flow (ADFs have larger headways) allowing the EADF vehicles to
take advantage and merge more easily

A As penetration increased to 30% and especially 50%, the benefits became more noticeable
A At low volumes (200 veh/h), the traffic performed efficiently, so, there was no room for major improvements

Main Limitation:

Perfect knowledge assumed,
could only be achieved in mixed traffic with reliable infrastructure sensors
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Simulation approach for safety impact assessment

Driving Scenario Generation For Urban, 322 accidents

Accident

s . from GIDAS considered for
(DeaéaGIDAS) Approach B —E - speed limits 30 and 50 km/h

incl. visual obstructions

Based on CARLA Estimated based

- - simulator on accident data
Driving Scenario

Simulation

Injury Risk
% ADF Calculation by Injury
Specification Baseline Risk Functions

Simulations

Risk for belted car occupants invelved in rear

i i i impact (production year > 2000) (Fichier LAB
How ADFs approach First, communication 2020 11=153 oce
intersections idealised

Treatment
Simulations

Q
EE

Injury risk pr

Hi-Drive
Operations
Data

0 20 40 60 80 100
= EES (km/h)
h efiled — —Serious injuries =

4 = ='-Slight injuries

HiDrive
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Safety impact assessment results

Example scenario: Crossing intersection, vehicle

100 1000 g5 100.0 100.0

approaching from the right Zr-ngrty
80 e sli
o  ADAS: only Intelligent Speed Assist (ISA), intersection S e severe
AEB not part of mandatory ADAS g 601 = fatal
o ADF without enablers (BADF) : on-board sensors only é 40 1 S
o ADF with enablers (EADF) : idealised V2X © %0 l 200 St Ll
communication ADAS

0_ s E—— I

Urban Rural

Manual without ADAS === Manual with ADAS  ===== BADF === EADF

Similar results observed for other intersection scenarios!

g Neglectable impact of ISA
g BADF significant reduction of crashes
o EADF further reduction in crash rate and severities

Details, assumptions and limitationsin Hi  -Drive Deliverable D7.3 (Sonntag et al., 2025)
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Safety impact assessment results

a Further analyses performed based onrealistic Ego vehicle EE e
modelling of V2X , specifically: -E [ considered by ego J
a ETSI Cooperative Awareness Messages (CAM)

Transmitted
covariance ellipsis

Consideration of :

- ~

o Message triggers
o Latencies Visual obstruction

o Localisation inaccuracies

Results [Error model from

o Slightly more crashes for EADF compared CAM data analysis
to idealised communication, still better

than without communication (A) Object . .~ | (B)CAMobject
ground truth | 7T position

g Consequences of potential false positive

reactions to be analysed in future work
Source: Sonntag, M. et al. (2025). Assessing the Safety Impacts of Cooperative Awareness for Automated Driving. IAVVC.
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From Pilots to large -scale, safe, and trusted deployment

Key enablers
are

in place, but
gaps persist

Message profiles,
positioning accuracy,
communication
technologies are
advancing, but
further harmonisation
& standardisation is
neeed.

HiDOrive

V2X proven for key
automated driving
use cases in real
world pilots.

Deployment is
growing, but not yet
at scale with urban
and complex
scenarios still
remaining as a
challenge

Emerging
Operational Large Scale
and business deployment
readiness

Infrastructure rollout Continued focus on
and legal framework harmonised
has been gaining standards, data
momentum. This is quality, cyber
crucial for mass security, and legal
adoption clarity, will drive the

transition from
demonstration to
everyday mobility.




