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ABSTRACT

The deployment of innovative, fully automated C-1TS connected mobility
services is expected to mitigate tra c¢ congestion - making cities and
human settlements safe, resilient, sustainable - and decrease the number
of road accidents. However, the spread of automated and connected
vehicles into existing tra ¢ poses speci ¢ and new problems regarding
reliability and e ectiveness, particularly concerning interactions with
other vehicles and with other actors. Furthermore, automated driving
systems must be suitably designed to be resilient to both the uncertainties
of V2X (Vehicle-to-Vehicle or Vehicle-to-Infrastructure) communication
and drivers to ensure su cient reliability and robustness in any tra ¢
situation in the real world. Within this framework, this thesis deals
with the following challenges: i) develop innovative, reliable and resilient
C-ITS strategies for cooperation between vehicles and between vehicles
and infrastructures, based on V2X communication; ii) test and validate
C-ITS strategies in complex and realistic tra ¢ conditions. In the light
of the rst goal, di erent control strategies addressing many various
issues are proposed for both urban and extra-urban tra ¢ scenarios as
well as for both mixed and fully-autonomous tra ¢ ows. To achieve
goal 2, a novel Integrated Simulation Environment, named Mixed Tra ¢
Simulator (MiTraS), for the assessment and evaluation of C-ITS services
is proposed. It embeds di erent interacting simulation tools within a
holistic view of the co-simulation approach to be as realistic as possible.



Contents

1

Introduction 3
1.1 Motivation and Contributions . . . . . . . ... ... ... 3
1.2 Thesis Outline . . . .. . . . . . . .. .. ... ... 8

Cooperative Intelligent Transport Systems and Services 13

2.1 The European Framework . . . . . .. ... ... ..... 15

2.1.1 Italian Roadmap for C-ITS . ... ... ... ... 21

2.2 Advanced Driver-Assistance Systems . . . . .. ... ... 22

2.3 C-ITSServices . . . . . . . i ittt 25

2.4 Communication Standard . . . . . ... ... ....... 29

24.1 DSRC-Based V2X . . ... ... ... ....... 30

242 Cellular V2X . .. .. . 32
2.4.3 Comparison between Cellular and Non-Cellular

V2X Technologies . . ... ... .......... 33

2.5 Testing and Validation Methods . . . . .. ... .. ... 33

2.5.1 Field Operational Test . . . . ... ... ...... 34

2.5.1.1 Real-World Tra ¢ Testing . ... .... 34

2.5.1.2 Closed Area Testing . . . .. .. ..... 36

25.2 Virtual Testing . . . .. ... ... ... .. .... 38

Cooperative Driving Systems 43

3.1 Modelling of Connected Autonomous Vehicles . . . . . .. 47

3.1.1 Agent Dynamics . . ... ... ... ... ..... 48

3.1.1.1 Longitudinal Models . . . . ... ... .. 49

3.1.1.2 Longitudinal-Lateral Models . . ... .. 52

3.1.2 Communication Topology . . .. .. ........ 55



iv CONTENTS
3.1.3 Formation Geometry . . . . . ... ... ... ... 59
3.1.4 Distributed Controller . . . . ... ... ...... 62
3.2 Consensus and Synchronisation in Networked Dynamical
Systems . . ... e 64
3.2.1 Stability of Continuous-Time Systems . . . . . .. 65
3.2.2 Integral Inequalities . . ... ... ......... 66
4 Integrated Simulation Environment 67
4.1 Existing Virtual Testing Environments . . . . . ... ... 69
4.1.1 Microscopic Tra ¢ Simulators . . . ... ... .. 69
4.1.2 Physics-Based Simulators . . . ... ... ... .. 70
4.1.3 Integrated Simulation Environment. . . . . . . .. 71
4.2 Proposed Integrated Simulation Environment . . . . . . . 72
421 TheRoleof SUMO. .. ... ... ......... 73
4.2.2 The Role of MATLAB/Simulink . . ... ... .. 74
4.2.3 Co-Simulation Procedure . . . ... ... ... .. 74
43 Modeling . ... .. ... .. ... 75
431 VehicleModel . . .. .. ... ... ......... 75
4.3.2 Consumption Models. . . . . ... ... ...... 79
4.3.2.1 Fuel Consumption Model . . ... .. .. 79
4.3.2.2 Power-Based Energy Consumption Esti-

mation Model . . ... ... ....... 80

5 Development and Testing of a Green Light Optimal Speed

Advisory Service Under Di erent Working Conditions 83

5.1 Green Light Optimal Speed Advisory System . . . . ... 84
5.2 Related Works on GLOSA System . . . . ... .. .... 85
5.3 GLOSA Algorithm . . . . . .. ... ... ... ...... 90
5.4 Testing Methodology . . . . . . ... ... ... ...... 91
5.4.1 Testing Scenario . . ... .............. 92
542 Tra cConditions . ... .............. 93
5.4.3 TLS Cycle Duration . . . ... ... ........ 95
5.4.3.1 Communication Distance . .. ... ... 96

5.4.4 Minimum Speed . . ... ... ... ........ 96
5.45 Tra c Signal Phase Condition . . ... .. .. .. 97

55 Numerical Analysis . . . . ... ... ... ... .. ..., 97

5.5.1 Consumption-Related Results . . . . . ... .. .. 98



CONTENTS

5.5.1.1 Validation of Consumption Computing

Methods . .. ... ... ... ...... 98
5.5.1.2 Analysis of S-GLOSA Improvement . . . 101

5.5.1.3 E ects of Di erent Conditions on System
Performance - Endothermic Engine . . . 101

5.5.1.4 E ectsof Di erent Conditions on System
Performance - Electric Engine . . . . .. 102
5.5.2 Mobility-Related Results . . . . ... ... .... 104
5.5.2.1 Analysis of S-GLOSA Improvement . . . 105

5.5.2.2 E ects of Di erent Conditions on System
Performance . ... ... .. ... .... 105
5.6 Signi canceof Results . . . .. .. ... ... ....... 107
5.7 Concluding Remark . . . ... ............ ... 111

6 Combined Energy-Oriented Path Following and Collision
Avoidance Approach for Autonomous Electric Vehicles

via Nonlinear Model Predictive Control 115

6.1 Multiple-Objective Control Problem . . .. ... ... .. 116
6.2 Combined Energy-Oriented Path Following and Collision

Avoidance Approach . . . . . .. ... ... ........ 117

6.2.1 Nonlinear Ego-Vehicle Dynamics . . . . ... ... 118

6.3 Control Design . ... ... ... ... .. .. .. ..... 119

6.3.1 ACC Controller Design . . . . ... ........ 119

6.3.2 NMPC Controller . . . ... ... .. ....... 119
6.3.2.1 Energy Consumption Model for Control

Purpose . . . .. ... ... ........ 122

6.4 Numerical Analysis . . . . ... ... ... .. ....... 122

6.4.1 Car-Following and Path-Following Results . . . . . 125

6.4.2 Energy Consumption Results . . . ... .. .. .. 126

6.5 Concluding Remarks . . . . ... ... ... ........ 127

7 Decentralized Cooperative Crossing at Unsignalized Inter-
sections via Vehicle-to-Vehicle Communication in Mixed

Tra c Flows 129
7.1 Cooperative Crossing at Intersection in Mixed Tra c¢. . . 130
7.2 Unsignalised Intersection Crossing . . . . . .. ... ... 134

721 CHVDynamics. . ... ... ... ......... 135

722 CAVDynamics . ... ... ... .. ... ..... 137



vi CONTENTS
7.3 Cooperative Distributed Control Protocol for CAV in a
Mixed-Tra cFlow . . . . ... ... ... ......... 139
7.3.1 Cooperative Time-to-Intersection-Based Longitu-
dinal Controller . . . . . .. .. ... ... ..... 140
7.3.2 LateralControl . . . ... ... ... ... ..... 146
7.4 Numerical Analysis . . . . . .. .. ... ... ....... 147
741 CaseStudy . ... ... . ... ... 148
7.4.2 Mobility Performance . ... ............ 149
7.4.3 Safety Performance. . .. .. ... ... ...... 155
7.5 ConcludingRemarks . . ... ... ... .. ........ 157
8 Distributed Robust PID-like Control for Heterogeneous

Nonlinear Uncertain Autonomous Vehicles Platoon: De-
sign, Analysis and Cooperative manoeuvres Evaluation 159

8.1
8.2

8.3

8.4
8.5

8.6

Tracking Issues in Cooperative Driving Systems . . . . . . 160
Cooperative Tracking . . . . ... ... ... ....... 164
8.2.1 Nonlinear Longitudinal Uncertain Vehicle Dynam-
ics Model for Control Design . . . . .. ... ... 165
Robust Nonlinear Platooning Control Protocol . . . . .. 169
8.3.1 Closed-Loop Vehicular Network . . . . .. ... .. 170
Stability Analysis . . . . . . ... ... ... 171
Numerical Analysis . . . . . . . . ... ... ... ..... 178
8.5.1 Driving Scenario and Manoeuvres . . ... .. .. 178
8.5.1.1 Platoon Formation and Maintenance . . . 179
8.5.1.2 Leader-Tracking . .. ... ........ 180
8.5.1.3 Join in-the-middle Manoeuvre . . . . .. 180
8.5.1.4 Leave from-the-middle Manoeuvre . . . . 181
8.5.2 SimulationResults . . . ... ... ... ...... 183
8.5.2.1 Platoon Formation and Maintenance . . . 183
8.5.2.2 Leader Tracking for Trapezoidal Speed
Prole.................... 185
8.5.2.3 Join in-the-middle Manoeuvre . . . . .. 187
8.5.2.4 Leave from-the-middle Manoeuvre . . . . 189

8.5.3 Robustness with respect to Communication Delays 191
ConcludingRemarks . . . . ... ... .. ......... 193



CONTENTS

Vii

9 Distributed Fixed-Time Leader-Tracking Control for Het-
erogeneous Uncertain Autonomous Connected Vehicles

Platoons 195
9.1 Leader-Tracking Control Issues . . .. ... ... ..... 196
9.2 Mathematical Preliminaries on Fixed-Time . ... .. .. 197
9.3 Platooning Control Problem in Fixed-Time . .. ... .. 199
9.4 Distributed Fixed-Time Platooning Control . . . . . . .. 200
9.4.1 Control Design . . . ... ... ... ... ..... 200
9.4.2 Stability Analysis. . . . ... ... ......... 202
9.5 Numerical Analysis . . . . . ... ... ... ... ..., 204
9.5.1 Leader-Predecessor-Follower Topology Scenario . . 207
9.5.2 Random Topology Scenario . . ... ........ 208
9.6 Concluding Remarks . . .. ... ... ........... 209

10 Distributed Nonlinear Model Predictive Control for
Connected Autonomous Electric VVehicles Platoon with

Distance-Dependent Air-Drag Formulation 211
10.1 Energy-Saving Challenge in Platooning Applications . . . 212
10.2 E-Platoon Modelling and Control Objectives . . .. . .. 215
10.2.1 Nonlinear Longitudinal EV Model . ... ... .. 215

10.3 Design of Distributed Distance-Based Nonlinear Model
Predictive Control . . . . . ... ... ... ... ..... 217
10.4 Numerical Analysis . . . . . . . . . .. ... ... .. ... 221
10.4.1 DNMPC vs Pure Di usive Controller . . ... .. 224
10.5 Concluding Remarks . . . . . ... ... ... .. ..... 225
11 Conclusions 231
A Terminology 235
A.1 Autonomous vs. Automated Vehicle . . .. ... ... .. 235
A2 Platooning . .. .. .. ... . ... ... 236
A.3 Virtual Environment Components . . . ... ... .... 236
B Typical Architecture of Automated/Autonomous Cars 239
B.1 Vehicle Equipment . . . . . . ... ... L. 239
B.1.1 Proprioceptive Sensors . . . . . .. .. .. .. ... 239
B.1.2 Exteroceptive Sensors . . . . . ... ... ..... 241

B.1.3 Computational Units and Actuators . . . ... .. 242



viii CONTENTS

B.1.4 Communication Systems . . . . .. ... ... ... 243

B.2 Perception System . . . ... ... ... ... 243
B.3 Decision Making System . . . . ... ... ... ... ... 244
List of Acronyms 247
List of Abbreviations 253

Bibliography 254



List of Figures

2.1 Cooperative Intelligent Transportation Systems (C-ITS)
scenario: road users communicate information each other. 15
2.2 Exemplar communication paradigm for automated/au-

tonomous car. . . . . ... 16
2.3 European C-ITS framework. . . . . .. ... ... ..... 18
2.4 SAE level of automation. . . ... ... ... ....... 20
2.5 Advanced Driver Assistance Systems (ADAS) and ex-

ploited automated technologies. . . . . . . ... ... ... 24
2.6 C-ITS services and relative features. . . . ... ... ... 27
2.7 Awareness Driving example. . . . . .. .. ... L. 28
2.8 Sensing Driving example. . . . .. .. ... ... ..... 28
2.9 Cooperative Drivingexample. . . . .. ... ... ..... 29
2.10 Use cases and Quality of Service (QoS) requirements of

Vehicle-to-Everything (V2X) applications. . . . . .. ... 30
2.11 Feature comparison between 802.11bd and 802.11p. . . . . 32
2.12 An overall comparison of 802.11p, 802.11bd, LTE V2X,

and NR V2X based on common features.. . . . . ... .. 34
3.1 Cooperative driving systems. . . . .. ... ... ..... 44
3.2 The architecture for the cooperative driving of au-

tonomous/automated vehicles. . . . . ... ... ... .. 45

3.3 Schematic representation of autonomous connected vehi-
cles platoons from networked control systems perspective



LIST OF FIGURES

3.5
3.6

4.1
4.2
4.3
4.4

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

Non linear 3 DOF bicycle model. . . . . . ... ... ... 54
Exemplar platoon communication topologies: (a)
Predecessor-Following (P-F), (b): Leader-Predecessor-
Following (L-P-F); (c): Bidirectional-Leader-Predecessor
(B-L-F); (d): All-to-All (Broadcast, BR); (e): Platoon of

N+21wvehicles. . ... .................... 56
Integrated Simulation Environment MiTraS . . . . .. .. 75
Air-Drag Reduction of Passenger Cars[2] . .. .. .. .. 80
The slipstreame ect[3] . . . ... ... ... ... .... 81
Battery Model [4] . . . . . . ... ... .. .. ... .. .. 82
Simulation Network: (a) SUMO network capture; (b)
corridor layout; (c) altitude pro le. . . . . . ... ... .. 94
Average ow vs. average density from all the detectors in
the appraised network area. . . .. ... ... ....... 95
Distribution of fuel consumption among simulations sorted
w.r.t.: (a) travel time [s]; (b) stop time [s]. . .. ... .. 99
Distribution of energy consumption among simulations
sorted w.r.t.: (a) travel time [s]; (b) stop time [s].. . . . . 99

Comparison of the distribution of consumption outputs
between external models and SUMO built-in models. His-
togram of: (a) fuel consumption [I=km]; (b) energy con-
sumption [kWh=km].. . . . .. ... ... ... ... .. 100
Comparison of the distribution of consumption outputs
between GLOSA and no GLOSA cases. Histogram of:
(a) fuel consumption [I=km]; (b) energy consumption
[KWh=km]. . . ... ... ... .. 101
Input-output relationship for endothermic engine. Boxplot
of FC w.r.t.: (a) TLS cycle duration [s]; (b) tra c¢ condi-
tion; (c) phase condition [s]; (d) communication distance
[m]; (e) minimum speed [m=s]. . . ... .......... 103
Input-output relationship for electric engine. Boxplot of
EC w.r.t.. () TLS cycle duration [s]; (b) tra ¢ condition;
(c) phase condition [s]; (d) communication distance [m];
(e) minimumspeed [m=s]. . . . ... ... ... ...... 104



LIST OF FIGURES

Xi

5.9

5.10

511

6.1
6.2

6.3

7.1

7.2

7.3

7.4

Comparison of mobility indexed distribution between
GLOSA and no GLOSA cases. Histogram of: (a) travel
time [s]; (b) stop time [s]. . .. .. .. ... ... .....
Boxplot of input-output relationship for TT w.r.t.: (a)
TLS cycle duration [s]; (b) tra c¢ condition; (c) phase con-
dition [s]; (d) communication distance [m]; () minimum
speed [M=S]. . . . . . .. e
Boxplot of input-output relationship for ST w.r.t.; (a) TLS
cycle duration [s]; (b) tra c condition; (c) phase condition
[s]; (d) communication distance [m]; (¢) minimum speed
[m=s]. . .. ..

Cured Road for the appraised simulation scenario.

3-D snapshot of all three vehicles within the simulation
SCENANIO. . . . v v o
Ego-Vehicle motion under the action of the proposed
double-layer control architecture. Time history of: a)
Ego-vehicle speed; b) inter-vehicle distance w.r.t. the
preceding; c) lateral deviation error; d) yaw error.. . . . .

Unsignalised Intersection Crossing Problem: a) example
of Two-lane four-way unsignalised intersection; b) con ict
points for the two-lane four-way intersection. The dashed
circle is the Cooperative Zone (CZ), while the red zone is
the Con icting Area (CA). . . . . . . .. ... ... ...
De nition of the intersection crossing sequence leveraging
the Virtual Platoon control concept: a) example of a mixed
tra ¢ ow composed by M = 2 autonomous vehicles and
N = 3 human-driven vehicles approaching the intersection;
b) virtual crossing sequence de nition on the basis of the
TTI of each incoming vehicle. . . . .. ... ........
Desired reference speed ij?(t) (see Eq. (7.15)) computed
as a function of the di erence TTh between the Time-
to-Intersection of the CAV k and of the vehiclej. . . . . .
Example of the left-turning manoeuvre allowing to com-
pute the value assumed by of Rgx and Rsx in Fig. 7.3

106

140



Xii

LIST OF FIGURES

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

8.1

Trend of the Throughput as function of both the tra ¢
demand and CAVs penetration rate for: a) the Deter-
ministic Desired Driving Speed scenario; b) the Stochastic
Desired Driving Speed scenario. . . . .. ... ... .. ..
Trend of the Average Speed and the Speed Variance as
function of both the tra ¢ demand and CAVs penetra-
tion rate for: a) the Deterministic Desired Driving Speed
scenario; b) the Stochastic Desired Driving Speed scenario.
Time histories of the trajectories of both CAVs and CHVs
approaching the unsignalized intersection for the scenario
A-V considering: (a) 20% of CAVs penetration rate; (b)
60% of CAVs penetrationrate. . . .. ... ........
Comparison among the CAVs and CHVs accelerations for
the scenario A-V: (a) boxplot; (b) histogram of 20% of
CAVs penetration rate; (c) histogram of 40% of CAVs pen-
etration rate; (d) histogram of 60% of CAVs penetration
rate. . . . .o
Comparison among the CAVs and CHVs accelerations for
the other scenarios under investigation: (a) boxplot for
the scenario A-I; (b) boxplot for the scenario A-II; (c)
boxplot for the scenario A-111; (d) boxplot for the scenario
A-IV. e
Comparison among the CAVs and CHVs accelerations for
the scenario B-V: (a) boxplot; (b) histogram of 20% of
CAVs penetration rate; (c) histogram of 40% of CAVs pen-
etration rate; (d) histogram of 60% of CAVs penetration
rate. . . ..
Comparison among the CAVs and CHVs accelerations
for the other scenarios under investigation: (a) boxplot
for the scenario B-I; (b) boxplot for the scenario B-II; (c)
boxplot for the scenario B-I11; (d) boxplot for the scenario
B-1V. e
Trend of the Collisions Number as function of both the
tra c demand and CAVs penetration rate for: a) the De-
terministic Desired Driving Speed scenario; b) the Stochas-
tic Desired Driving Speed scenario. . . . .. .. .. .. ..

Altitude pro le for the appraised road network. . . . . . .

151

151

153

155



LIST OF FIGURES

Xiii

8.2

8.3

8.4

8.5

8.6

8.7

Evolution of the communication topology in the join in the
middle manoeuvre: (a) communication topology G;; (b)
communication topology G»; (¢) communication topology
Gz; (d) communication topology G4. . . . ... .. .. ..

Evolution of the communication topology in the leave
from-the-middle manoeuvre: (a) communication topology
Gg4; (b) communication topology Gs; () communication
topology G; (d) communication topology Gi. . . . . ...

Platoon Formation and Maintenance performances. Ro-
bustness analysis via the Monte Carlo Method. Time
history of: (a) vehicles position p;(t); (b) vehicles position
errors computed pi(t) po(t) dio; (c) vehicles inter-vehicle
distance computed pi(t) p; 1(t); (d) vehicles speed v;i(t);
(e) vehicles acceleration aj(t); (f) vehicles jerk aj(t); . . .
Leader Tracking performance for trapezoidal speed pro le.
Robustness analysis via the Monte Carlo Method. Time
history of: (a) vehicles positions pi(t); (b) vehicles speed
vi(t); (c) vehicles acceleration a;j(t); (d) vehicles position
errors computed pi(t) po(t) dio; (e) vehicles speed errors
computed vi(t) vo(t); (f) vehicles inter-vehicle distance
computed pi(t) pi 1(Y); (9) vehicles jerk aj(t). . . . . ..

Join in-the-middle manoeuvre performances. Robustness
analysis via the Monte Carlo Method. Time history of: (a)
vehicles position p;(t); (b) inter-vehicle distance computed
as pi(t) pi 1(0); (c) vehicles position p;(t) vs predecessor-
follower gap distance for vehicle 4; (d) vehicles speed v;(t);
(e) vehicles jerk aj(t). . . . . . . ... ..o

Leave from-the-middle manoeuvre performances. Robust-
ness analysis via the Monte Carlo Method. Time history
of: (a) vehicles position p;(t); (b) vehicles inter-vehicle
distance computed pij(t) p;i 1(t); (c) vehicles speed vi(t);
(d) vehicles jerk aj(t). . . ... ... ... ... .. ...

. 184



Xiv

LIST OF FIGURES

8.8

9.1

9.2

9.3

9.4

10.1
10.2

10.3

10.4

Leader Tracking performance for trapezoidal speed pro le
in presence of time-varying communication delays. Ro-
bustness analysis via the Monte Carlo Method. Time
history of: (a) vehicles speed vj(t); (b) vehicles speed
errors computed vi(t) vo(t); (c) vehicles inter-vehicle dis-
tance computed pi(t) p; 1(t); (d) vehicles acceleration
ai(t); (e) vehicles jerk a;(t); (f) communication delays jj(t).192

Exemplar platoon of ve heterogeneous vehicles plus a
leader connected via the L-P-F topology. . . . . ... ... 205
Exemplar platoon of ve heterogeneous vehicles plus a leader
connected via a Random topology. . . . . . . ... ... ... 205
Leader-tracking performance under the control in (9.13).
Leader-Predecessor-Follower topology scenario. Time his-
tory of: (a) sliding surface (t) (i = 1;2;3;4;5); (b)
position error pi(t) = pi(t) po(t) dio (i =1;2;3;4;5);
(c) vehicles velocity vij(t) (i =0;1;2;3;4;5). .. ...... 206
Leader-tracking performance under the control in (9.13).
Random topology scenario. Time history of: (a) sliding
surface j(t) (i = 1;2;3;4;5); (b) position error pj(t) =
pi() po(t) dio (i = 1;2;3;4;5); (c) vehicles velocity
vi) (1=0;1;2;3;4;5). . . . . . . 207

Energy-oriented optimal spacing policy for the EV i. . . . 220
basic scenario. Tracking performances. Time history
of: a) Energy-optimal leader speed pro le; b) vehicles
speed vj(t); ¢) vehicles acceleration aj(t); d) inter-vehicle
distances di;j 1(t) . . . . . ... 223
Energy-oriented scenario. Tracking performances. Time
history of: a) vehicles longitudinal position pj(t); b) vehi-
cles speed vj(t); ¢) vehicles acceleration a;j(t)5; d) inter-
vehicle distances dj.; 1(t); €) Comparison between inter-
vehicle distances di;j 1(t) and d;;; 1 in basic and energy-
oriented scenarios. . . . . . . ... ... 227
Computational load in energy-oriented scenario and basic-
scenario with controller (10.11).. . . .. .. .. ... ... 228



LIST OF FIGURES XV

10.5 Tracking performances with the classic distributed di u-

Al

B.1

sive control in (10.11). Time history of: a) vehicles speed
vi(t); b) inter-vehicle distances d;; 1(t); ¢) Comparison
between inter-vehicle distances d;;; 1(t) and di; 1(t) in
basic and energy-oriented scenarios.. . . . . ... .. ... 229

Exemplary scheme of a Use-Case . . . .. ... ...... 237

Overview of the typical architecture of the automation
system of automated/autonomous vehicle. . . . . . . . .. 240



XVi LIST OF FIGURES




List of Tables

5.1
5.2
5.3
5.4
5.5
5.6
5.7

6.1
6.2

6.3

7.1
7.2
7.3
7.4
7.5

8.1
8.2

8.3

Comparison of GLOSA research works . . . . .. ... .. 86
Ego-Vehicle Model Parameters . . . . . ... ... .. .. 93
ANOVA results for the endothermic engine . . . .. ... 102
ANOVA results for electricengine . . ... ... ..... 105
ANOVA results for travel time . . . ... ... ... ... 107
ANOVA results for stop time . . . .. ... ... ..... 109
Comparison of linear regression models for consumption
and mobility KPIs. . . . ... ................ 110
Ego-Vehicle Controllers Parameters. . . . .. .. ... .. 123
Cost function weights for each considered operating con-
guration. . . . . ... 123
Energy consumption results for each operating condition
and energy reduction w.r.t. baseline scenario. . . . .. .. 126
Dynamic Parameters for each CAV vehicle type . . . . .. 147
Demand Patterns . . . . . . .. ... ... ... ... . 148
CAV Controllers Parameters (8k =N +1;:::;N +M) . . 148
Mobility Performance . . ... ... ... ... ...... 150
Safety Performance . . . . . ... ... ... ... ..... 155
Heterogeneous Nonlinear Vehicle Parameters . . . . . .. 178
H matrices for the topologies related to the join in-the-
middle manoeuvre. . . . . . ... 181
H matrices for the topologies related to the leave from-

the-middle manoeuvre. . . . . . . . . . ... ... ... .. 182



Xviii LIST OF TABLES

8.4 Control Parameters for join in-the-middle and leave from-

the-middle manoeuvres. . . ... ... ... ... ..... 182
9.1 \ehicle and Control parameters. . . ... ... ...... 205
9.2 Simulation parameters for the L-P-F topology scenario. . 208
9.3 Simulation parameters for Random topology scenario. . . 209
10.1 Heterogeneous Nonlinear Vehicles Parameters . . . . . . . . . . . 221
10.2 Percentage of energy saving in [KW h=km] under Energy-

Oriented Architecture compared to basic scenario. . . . . 222

10.3 Percentage of energy saving in [kW h=km] under Energy-
Oriented Architecture compared to basic scenario with
proportional controller. . . . .. ... ... ........ 222



List of Algorithms

1 GLOSA Algorithm executed when the Ego-Vehicle enters
the communication range of upstream TLSi ... ... ..

2 On-board computation of the minimum gap Dy:j for the

k-th CAV approaching the CA (see (7.13))



LIST OF ALGORITHMS




CHAPTER 1

Introduction

1.1 Motivation and Contributions

The transformation towards the so-called Smart Roads is underway in
complete harmony with the governance and management of innovation in
the transportation sector across Europe, with particular reference to the
European C-ITS platform, the GEAR 2030 initiative, the communication
of the European Commission (EC) dated 30-11-2016 * and the Smart
Road Decree signed by the Government Italian in March 2018. The
process mentioned above involves the development and exploitation of
key technologies for enabling innovative and automated driving functions
and applications, as well as the design of demonstration scenarios in which
automated driving capabilities are tested in di erent use cases. The main
idea is to promote the innovation and application of automated driving
technology in the road transport sector, as well as of new transportation
services, so to build a intelligent road transport environment. It is of great
signi cance for enhancing road safety, improving tra ¢ ow, reducing
tra c congestion, improving the e ciency in using energy sources, and
reducing pollutant emissions. New fully automated C-ITS connected
mobility services can also reduce the overall level of tra ¢ congestion
to make cities and human settlements safe, resilient, sustainable and

Ihttps://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52016D
C0766&From=EN
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decrease the number of deaths and injuries caused by road accidents. A
particularly demanding challenge concerns the introduction of automated
vehicles into existing tra c: this poses speci ¢ and new problems in
terms of reliability and e ectiveness, particularly concerning interactions
both with other vehicles (regardless of the degree of automation) and
with other actors of tra c scenario (e.g., pedestrians, public vehicles
or cyclists). Furthermore, automated driving systems must be suitably
designed to be resilient to both the uncertainties, arising from V2X
communication and vehicles, and drivers to ensure su cient reliability
and robustness in any tra c situation in the real world.

Hence, it seems clear that, to promote the widespread deployment of
C-ITS services on the market, research still has to provide new e ective
solutions to overcome the several challenges in the transportation eld.
To this end, a key point is the qualitative and quantitative evaluation of
driving systems performance and their e ects. The design and validation
methods should demonstrate the behavioural skills that an automated
vehicle should perform during, for instance, normal operation, the per-
formance during accident prevention situations and the performance of
fallback strategies. It is possible to verify that safety requirement is
always satis ed, quantify potential advantages, and evaluate issues to
optimise the connected, cooperative, and automated driving functions.

Hence, in light of the above discussion, the main objective of this thesis
is twofold

1. Research and develop innovative C-ITS strategies for cooperation
between vehicles and between vehicles and infrastructures, based on
V2X communication and enabled by the digital transformation of
road infrastructures. This aim includes the development of reliable
and resilient control architectures to increase the performance
of automated and connected driving in urban and extra-urban
scenarios.

2. Test and validate proposed strategies in several di erent complex
tra c contexts, both urban and extra-urban. In so doing, it is
possible to deploy exible and adaptable C-ITS services to any
type of situation (e.g. manoeuvres, formation and dissolution of
vehicle eets, automatic crossing of intersections in the presence or
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absence of tra c lights) so to ensure safety driving conditions, also
under mixed tra c situations.

To achieve goal 1, di erent control strategies addressing as many issues
are proposed for urban and extra-urban tra c scenarios. Indeed, au-
tomated/autonomous connected vehicles can drive better in restricted
conditions such as on roads with clear lane markings, clear weather,
visible road signs, and controlled speed limits. This kind of road is more
like a highway than an urban one, where more unexpected situations
can occur due to a more challenging external environment. Hence, it is
essential to address the speci ¢ problems of both tra ¢ environments.
One of the main open challenges regarding the urban environment is
the optimisation of crossing manoeuvres at intersections, which could be
signalised or unsignalised. However, tra ¢ ows will be composed of a
mix of connected and autonomous vehicles and human-driven vehicles
for a relatively long time, creating very complex tra c¢ scenarios and
interactions.

Firstly, a Green Light Optimal Speed Advisory (GLOSA) algorithm
aiming at reducing both waiting time and stop&go phenomena at urban
signalised intersection is proposed. By leveraging Tra c Light Signals
(TLSs) information shared via wireless communication, the algorithm
computes, as long as it is possible, an optimal speed pro le to cross
the intersection without coming to a complete stop. The e ectiveness
of the proposed algorithm is tested under di erent road conditions by
varying several road variables, i.e. tra c signal phase condition, engine
type, tra c condition, TLSs cycle duration, communication distance
and minimum achievable speed. In this case, one controlled vehicle,
travelling along a single route through a real-world city centre including
many TLSs, is equipped with the GLOSA algorithm, while other cars
are human-driven.

Another open issue in the urban environment is the cooperative crossing
of unsignalised intersection. Most of the existing studies on unsignalised
intersections crossing assume the presence of only fully autonomous
vehicles [5, 6, 7]. However, as previously mentioned, mixed tra c¢ will
likely be the prevailing tra c condition in the next 10 or 20 years.
In this framework, a cooperative fully-distributed control protocol for
Connected and Automated/Autonomous Vehicles (CAVs), augmenting
the Adaptive Cruise Control (ACC) action based on proximity sensors
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measurements, with an additional networked protocol exploiting Vehicle-
to-Vehicle (V2V) information to estimate the Time-to-Intersection of all
incoming vehicles within the communication range, is proposed. This
collaborative action adapts the CAVs motion at the intersection to avoid
collisions with other vehicles and reduce stop and waiting time.
Besides the intersection crossing, another crucial challenge in the urban
environment is to accomplish di erent driving tasks at the same time
such as, for instance, avoiding collisions with obstacles and tracking
a path along a curved road. To handle both issues simultaneously, a
double layer control architecture combines the classical ACC with the
multi-objective Nonlinear Model Predictive Controller (NMPC) approach,
able to drive the vehicle along a prede ned path while keeping a safe
distance from the predecessor and ensuring energy-saving consumption, is
proposed. Moreover, since in urban environments a vehicle might follow
routes where several turning manoeuvres, the losses during cornering
manoeuvres are explicitly taken into account [8].
Regarding extra-urban tra c scenarios, three cooperative driving ap-
plications of platooning are considered. The rst one addresses the
leader-tracking control problem for uncertain heterogeneous nonlinear
autonomous vehicles platoon sharing state information through a vehicu-
lar communication network and performing the cooperative manoeuvre.
Indeed, tracking ability plays a crucial role in platooning applications
during normal operations, platooning manoeuvres, or emergency ac-
tions. In this perspective, the robustness concerning uncertain nonlinear
dynamics is vital when implementing cooperative driving applications:
mismatches between the actual plant and its control-oriented model
could strongly a ect the performance of a designed control protocol and,
hence, the expected behaviour of the vehicle. Another critical issue is
related to vehicle communication topology: it may not be maintained
xed due to communication constraints, environmental disturbances,
or platooning manoeuvres. Hence, there is the need to investigate the
performance of vehicle platoon control under switching topologies when
some communication links among vehicles within the platoon are created
and/or disrupted. To this aim, a robust distributed Proportional-Integral-
Derivative (PID)-like control protocol is proposed, which ensures that all
vehicles within the platoon robustly track the leader behaviour despite
the presence of both unknown parameters uncertainties and network
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switching. The control strategy weights the vehicles state information
via proportional action, augmented with an additional integral action on
the position state information so to improve steady-state and robustness
performances. Each vehicle is described via a nonlinear dynamical system
accounting for the e ect of the air-drag reduction due to platooning and
time-varying uncertainties depending on the di erent driving conditions
in which the platoon is currently involved.

The second application considers the problem of achieving the consensus
with a xed settling time for a heterogeneous uncertain autonomous vehi-
cles platoon. To this end, by exploiting the Integral Sliding Mode (ISM)
approach and the Lyapunov theory, a distributed control strategy ensures
the leader-tracking in a nite settling time, independent from any initial
condition of the vehicle, while counteracting heterogeneity and unknown
external disturbances, is proposed.

The last one addresses the problem of simultaneously achieving leader-
tracking and energy-saving goals for a heterogeneous autonomous con-
nected fully electric vehicles platoon. To this end, by embedding a
distance-dependent air drag formulation into the vehicle model, an
energy-saving oriented Distributed Nonlinear Model Predictive Con-
troller (DNMPC) able to guarantee the following three-fold control ob-
jective is proposed: i) ensure that each vehicle tracks the energy-oriented
optimised leader speed pro le, assumed to be directly or indirectly known
by each vehicle within the platoon; ii) compute, at time instant, the opti-
mal variable inter-vehicle distance from the vehicle ahead by considering
safety constraints, as well as the electric power saving requirement and
distance-dependent air-drag formulation; guarantee the minimisation of
the required battery power, thus achieving energy saving objective.

To achieve goal 2, a novel Integrated Simulation Environment, named
MiTraS, for assessing and evaluating C-ITS services, from the individual
level to the large-scale network level, is proposed. It embeds di erent
interacting simulation tools within a holistic view of the co-simulation
approach to be as realistic as possible. Namely, the MATLAB/Simulink
is exploited to model high- delity vehicle dynamics, develop the proposed
control strategies, and emulate heterogeneous time-varying delays associ-
ated with each active communication link. Furthermore, by leveraging
the Automated Driving Toolbox, it is possible to obtain a 3D repre-
sentation of the road environment and, as a consequence, to simulate
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on-board ranging sensors such as camera, radar, and lidar. On the other
side, Simulation of Urban Mobility (SUMO) is embedded to provide a
realistic tra ¢ environment and emulate the human-driver behaviour, i.e.
to account for unplanned but realistic events such as congestion, slower
or faster vehicles ahead, lane changes manoeuvres and, generally, to
face up with di erent drivers behaviours. Hence, it is possible to enable
virtual testing in complex, stochastic and reproducible tra ¢ scenarios.
Moreover, it is worth noting that the proposed virtual environment is
built up in a modular framework, which allows users to replace or modify
each component according to their needs.

The proposed Integrated Simulation Environment is, thus, exploited
to assess the performance of all the proposed control strategies under
di erent tra c conditions.

1.2 Thesis Outline

The thesis is structured as follows.

In Chapter 2, C-ITS concept and relative services are introduced,
providing also an overview of the European framework, communi-
cation standards and testing and validation methods.

In Chapter 3, after presenting the cooperative driving systems, a
description of how to model them as networked control systems is
provided. Moreover, some useful concepts and de nitions, in the
general context of networked control systems, are summarised for
the sake of clarity.

In Chapter 4 is introduced and described the proposed Integrated
Simulation Environment. The results of this chapter are demon-
strated in the following publications [9, 10] and in the on-going
work presented in Chapter 7.

Chapter 5 focuses focuses on developing a GLOSA service and its
assessment via an enhanced testing approach exploiting the Mixed
Tra c Simulator (MiTraS) Integrated Simulation Environment.
The proposed approach can be used to cover several aspects that
usually are not considered (tra c signal phase condition), rarely
considered (electric engine), or considered in a non-integrated way
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(tra c condition, TLSs cycle duration, communication distance,
and minimum speed). To prove the e ectiveness of the proposed
approach, a controlled vehicle, equipped with a GLOSA system,
travelling along a single route through a city centre including many
TLSs, is considered. Numerical results con rm that the proposed
Integrated Simulation Environment can give valuable insights and
suggestions to enhance the design of a GLOSA service aiming to
improve both mobility and environmental performance. Moreover,
the outcome shows that the considered tra c factors a ect system
performance in a very di erent way The results of this chapter are
demonstrated in the following publications [11, 10].

Chapter 6 addresses the problem of computing an eco-driving speed
pro le for an autonomous electric vehicle travelling along a curved
road while ensuring path following/car following functionalities.
To this end, a double-layer control architecture combining the
classical Adaptive Cruise Control with a NMPC is proposed. The
latter is designed to drive the vehicle along a prede ned path
while guaranteeing safety and improving energy performance. The
appraised control-oriented design model is non-linear, and the
energy consumption one explicitly accounts for the cornering e ects,
which can not be neglected when a vehicle travels along a curved
urban road. Numerical results con rm the e ectiveness of the
proposed control architecture and disclose its ability to guarantee
energy saving. The results of this chapter are demonstrated in the
following publication [12].

In Chapter 7, a cooperative fully-distributed control protocol for
CAVs is proposed to deal with the open challenge of decentralised
crossing at unsignalised intersections for mixed tra ¢ ows, com-
posed of Connected Human-driven Vehicles (CHVs) and CAVs.
The proposed control action augments the classical ACC action
with an additional networked protocol exploiting V2V information
for the cooperative evaluation of the Time-to Intersection of all
incoming vehicles within the communication range. This further
collaborative action automatically adapts the CAVs motion at the
intersection, avoiding collisions with other cars and reducing stop
and waiting times. The analysis is carried out for an exemplary
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two-lane four-way unsignalised road intersection considering several
tra ¢ demands levels, several CAVs penetration rates, and the
presence of variable delays a ecting the wireless communication
network. The extensive simulation analysis con rms how the in-
clusion of CAVs, equipped with the proposed control algorithm,
within the mixed tra ¢ ow improves both safety and mobility
performances of the intersection. Note that, the content of this
chapter is in the on-going work presented in Chapter 7. Moreover,
the early development can be found in the following publication
[13].

Chapter 8 deals with the leader-tracking control problem for uncer-
tain heterogeneous nonlinear autonomous vehicles platoon sharing
information through a vehicular communication network and per-
forming cooperative manoeuvres in extra-urban scenarios. The
nonlinear vehicle dynamic is a ected by time-varying parameters
uncertainties, explicitly considering the air-drag reduction. At the
same time, the variation of V2V links, due to cooperative manoeu-
vres, are modelled via switching into the communication network
topology. To this end, a novel robust distributed PID-like control
protocol is proposed, ensuring that all vehicles within the platoon
robustly track the leader behaviour despite the presence of both
unknown parameters uncertainties and network switching. The
stability of the proposed control strategy is analytically proven by
leveraging the Lyapunov theory. Su cient stability conditions are
expressed as a set of feasible Linear Matrix Inequalities (LMIs)
whose solution allows the proper tuning of the robust control gains.
The e ectiveness of the approach is evaluated via the MiTraS
Integrated Simulation Environment. The exhaustive simulation
analysis, involving the Monte Carlo method, considers di erent
cooperative platooning manoeuvres and con rms the theoretical
derivation. Note that, the content of this chapter is in the ongoing
work presented in Chapter 8.

In Chapter 9 the problem of achieving leader-tracking in a xed-
time while dealing, at the same time, with heterogeneity and
unknown external disturbance for a platoon of autonomous and
connected vehicles is addressed. To deal with it, by exploiting
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the ISM approach and the Lyapunov theory, a novel distributed

xed-time control protocol is proposed. This latter is able to:
i) counteract the vehicles heterogeneity and unknown external
disturbances; ii) guarantee the leader-tracking in a xed settling
time whose estimation only depends on the proper choice of the
control gains, and not on any vehicles initial conditions. The
simulation analysis, carried out in two di erent driving scenarios,
con rms the e ectiveness of the theoretical derivation. The results
of this chapter are demonstrated in the following publication [14].

In Chapter 10 the energy-saving challenge for a platoon of hetero-
geneous autonomous, connected, fully-electric vehicles is addressed.
Speci cally, a cooperative driving control strategy ensures the leader
tracking performance while keeping a variable energy-oriented inter-
vehicle distance between adjacent vehicles is designed. To this aim,
by considering a distance-dependent air drag coe cient, a novel
DNMPC, whose cost function aims to ensure leader tracking per-
formances and optimised the inter-vehicle distance to reduce energy
consumption, is designed. Extensive simulation analyses, carried
out exploiting MiTraS and involving a comparative analysis with
respect to the classical Constant Time Gap (CTG) spacing policy,
are performed to con rm the capability of the DNMPC in guaran-
teeing energy saving. The results of this chapter are demonstrated
in the following publications [15, 16].

In Chapter 11 conclusions are drawn.
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CHAPTER 2

Cooperative Intelligent
Transport Systems and
Services

Owing to the ever-increasing number of vehicles and their usage, mod-
ern societies with well-planned road management systems and su cient
infrastructures for transportation still face the problem of tra c¢ con-
gestion. This issue results in travel time loss, enormous societal and
economic costs, and an increasing environmental impact [17]. Several
solutions have been adopted to give new answers to tra c-related open
issues in past decades. Some of these rely on the enhancement or on the
construction of new infrastructures (like roads, highways, ports, airports,
and so on); some others rely on the enhancement of the vehicular safety
systems (like airbags or safety belts). However, building new infrastruc-
tures requires several expensive actions with an increased environmental
impact drawback [18]. For these reasons, solutions allowing more e cient
use of the existing infrastructure are aimed.

Among these solutions, the so-called C-ITS refers to transport systems
where two or more Intelligent Transportation Systems (ITS) sub-systems
(vehicles, infrastructure devices, pedestrians, and cyclists) cooperate.
This way enables and provides a service that o ers better quality and an
enhanced service level, compared to the same ITS service provided by only
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one of the ITS sub-systems. Within this framework, road actors became
smart agents, and reliable communication between them is required to
share helpful information to enhance the quality of the travel experience.
With speci ¢ regard to automated/autonomous connected vehicles, they
can interact and cooperate with other vehicles, motorcycles, bicycles,
pedestrians, and other road-users, as well as with Internet-of-Things (10T)
services, to improve safety and increase their e ectiveness The commu-
nication paradigm for automated/autonomous car is shown in Fig. 2.2,
in which is possible to note that the automated/autonomous car com-
municates with both the infrastructure and its neighbours. Connected
car technology is realised through Vehicular-ad-hoc-networks (VANETYS)
where vehicles on the road communicate with each other, with the
infrastructure and with the environment through di erent underlying
wireless communication technologies, such as Dedicated Short Range
Communications (DSRC) and Cellular Vehicle-to-Everything (C-V2X).
In general line, the wireless data exchange among several di erent
road actors and ITS stations and related functions are referred as
V2X communication services; these services are also known as V2V,
Vehicle-to-Infrastructure (V2I), Vehicle-to-Pedestrian (V2P) or Vehicle-
to-Network (V2N) communications communications based on involved
actors. V2X services can support vehicles to help them obtain more
information and promote the innovation and application of automated
driving technology, contributing to building an intelligent transport sys-
tem and promoting the development of new modes and new forms of
automobiles and transportation services [19].

Note that, in the rest of the thesis, only vehicles and infrastructures are
going to be taken into account as actors; accordingly, only V2V and V2I
services are going to be treated.

In a cooperative road tra c scenario, cooperative V2X communication
units are deployed in vehicles and road tra c infrastructure and exchange
data via a wireless communication network. Multiple times per second,
On-Board unit (OBU) mounted in the vehicles share data such as position,
speed, driving direction, and event-triggered messages about notable
events (e.g., emergency braking, a vehicle defect, or a slippery road
detected). On the other hand, tra c infrastructure, equipped with
Road-Side unit (RSU), inform, e.g., about signal phases of tra c lights,
speed limits, or road works congestion level. The native purpose of
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Figure 2.1: C-ITS scenario: road users communicate information each
other.

such technologies is to improve road safety helping the driver avoid
critical road safety situations: as depicted in Fig. 2.1, vehicles and
infrastructure cooperate in perceiving potentially dangerous situations
across an ample space and time horizon [20]. Moreover, use of V2X
technologies is assumed to enormously enhance both tra ¢ congestion and
driving comfort [21, 22]. Indeed, services such as providing information
about tra c light signal phases and their predicted changes or barriers

on the route in real-time support smooth and comfortable travelling.

Finally, they can also improve the environmental footprint of transport
systems through in-vehicle technologies (e.g., eco-driving) and more
intelligent and innovative transportation management at the network
level. Indeed, avoiding intense acceleration/deceleration manoeuvres can
reduce fuel/energy consumption with favoured e ects on lowering noise
and emissions.

2.1 The European Framework

The development and implementation of C-ITS services are part of a
broader process of transforming the road environment. In particular,
the concept of Smart Road has been introduced: an intelligent road
environment enabling communication and interconnection among actors
moving along it. In a Smart Road, to facilitate ows and transport,
weather and tra c¢ detection systems must be implemented so that
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travellers can request information on road conditions, tra c, or other
particular situations in real-time. Furthermore, the Smart Road aim
to provide: services for diverting tra ¢ ow in the event of accidents;
suggestions of alternative trajectories; speed interventions to avoid tra ¢
situations; management of accesses, parking lots, and supplies; timely
interventions in case of emergencies. The digital transformation towards
Smart Roads needs to be in complete harmony with the governance and
management processes of innovation in the sector in progress in Europe.
Indeed, Smart Road is intertwined with the developments taking place
in the eld of cooperation between vehicles and transport infrastructures
and in the development of connected driving solutions and increasing
levels of automation. The idea of an intelligent road is designed to
adapt to a network vision: the digital transformation process will be
gradually applied, rst to road infrastructures of the Trans-European
Network-Transport (TEN-T) and new infrastructures or pre-existing
infrastructural sections connecting elements of the TEN- network.

In this framework, the EC is making signi cant e orts in developing
and deploying C-ITS services based on V2X communication, setting
up a reference framework for supporting Cooperative, Connected and
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Automated Mobility (CCAM) policies . The European Union (EU)
framework for supporting C-I1TS services development, shown in Fig. 2.3,
highlights the complexity of the matter. Above all, C-ITS strategies aim
to develop a shared vision throughout the EU to combine the di erent
stakeholders e orts. To this end, in 2010 the European Parliament
and the Council released Directive 2010/40/EU 2 on the framework for
the deployment of ITS in the eld of road transport and for interfaces
with other modes of transport. It de ned the following priority areas of
intervention: optimal use of road, tra ¢ and mobility data; continuity of
ITS tra c and freight management services; ITS applications for road
safety and transport safety; the connection between vehicles and road
infrastructure V2X. Speci ¢ features to be respected are associated with
each sector to ensure compatibility, inter-operability, and continuity of the
ITS services, which are key components for disseminating and using in all
member countries. Then, in early 2014 the EC set up the C-ITS Platform,
conceived as a cooperative framework to develop a shared vision for the
inter-operable deployment of C-ITS in the EU. During the rst stage
(2016), it provided policy recommendations for developing a road-map and
implementation strategy C-ITS in the EU, identifying potential solutions
for some crucial cross-cutting issues, as well as identi ed consolidated
C-ITS services from a technological point of view. During the second
stage (2017), it further developed a shared vision on the inter-operable
implementation of C-ITS towards cooperative, connected, and automated
mobility CCAM in the European Union. In 2016, the Member States and
the Commission launched the C-Roads Platform 2 to link and coordinate
C-ITS deployment across the Union. The main aim of the Platform is to
develop harmonised and standardised guidelines and speci cations, taking
into consideration the recommendations issued by the C-ITS platform,
linking all the C-1TS projects within Europe and the subsequent operation
of the day-1 C-ITS services and. in the end, planning cross-member
evaluations and tests between member states. In this context, particular
attention is paid to the inter-operability problem of the infrastructural
network of member states participating in the C-Roads initiative: pilot

Ihttps://ww.ccam.eu/

2https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32010L
0040&from=IT

Shttps://ww.c-roads.eu/platform.html
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Figure 2.3: European C-ITS framework.

installations need to be harmonised in the light of cross-border inter-
operability based on cooperation within the C-Roads platform. Individual
experts participating in individual pilots and appointed by the members
of the C-Roads Steering Committee collaborate within a series of working
groups to prepare the recommendations. In addition, members of the
pilot activities and C-Roads working groups actively contribute to the
work of the C-ITS platform.

Finally, in March 2019 was released a delegated act supplementing
Directive 2010/40/EU “. This new regulation concerning C-ITS will
enter into force and be directly applicable in all Member States if the
European Parliament or the Council of the EU do not object to it.
Within the European initiative for the promotion of C-ITS, a key role is
being played by the Car2Car Communication Consortium (C2C-CC) °.
C2C-CC, founded in 2002 by a group of car-makers, today comprises 74
members among car-makers, Original Equipment Manufacturers (OEMS),

“https://ec.europa.eu/transparency/documents-register/detail?ref=C(20
19)1789&lang=en
Shttps://ww.car-2-car.org/
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rst-and second-tier suppliers, technology suppliers, and research organi-
zations.
Furthermore, it is worth noting that the Society of Automotive Engineers
(SAE) has established a similar evolution pattern, based on di erent levels
of increasing automation. More speci cally, the SAE J3016 ® document
de nes six levels (from 0 to 5) to classify the degree of automation of
the individual systems (see also Fig. 2.4):

1. Level 0: there are no automated driving functions. The driver per-
forms the longitudinal control of the vehicle (i.e., maintaining speed,
accelerating, and braking) and the lateral control (i.e.steering).
There are no systems that intervene, only those that produce
warnings.

2. Level 1: a system can assume either longitudinal or lateral vehicle
control while the driver continuously performs other tasks. He can
enable some safety functions such as ACC and lane centering.

3. partial automation since the driver can now demand both tasks
(longitudinal and lateral control) to the system in speci ¢ use cases.
The driver continuously monitors the vehicle and the tra ¢ during
the journey, and at all times, they must be in a position to resume
control of the vehicle immediately.

4. Level 3: the system independently recognizes its limits, that is, the
point at which its functions can no longer cope with the environ-
mental conditions. The vehicle requests the driver to resume the
task of driving. The driver no longer has to monitor the longitu-
dinal and lateral control of the vehicle continuously. However, he
must resume driving when the system signals him to do so, with
some extra time in reserve.

5. Level 4 (limited self-driving automation): the driver can hand
over the entire task of driving to the system in speci c use cases.
These scenarios refer to the type of road, the speed range, and the
environmental conditions.

Shttps://ww.sae.org/standards/content/j3016_.202104/
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Figure 2.4: SAE level of automation.

6. Level 5 (full self-driving automation): the vehicle can completely
independently perform the task of driving in full on all types of
roads, in all speed ranges and under all environmental conditions.

However, a speci ¢ correspondence between the two cases evolution
phases has not been established yet. As of December 2021, vehicles
operating at Level 3 SAE and above remain a marginal portion of the
market. Waymo became the rst service provider to o er driver-less
taxi rides to the general public in a part of Phoenix, Arizona in 2020
7. However, while there is no driver in the car, the vehicles still have
remote human overseers. Up to now, Honda & and Mercedes-Benz ° are

"https://arstechnica.com/cars/2020/10/waymo-final ly-launches-an-actua
I-public-driverless-taxi-service/

8https://global .honda/newsroom/news/2021/4210304eng- legend. html

Shttps://www.fleetnews. co.uk/news/manufacturer-news/2021/12/09/merced
es-benz-self-driving-car-technology-approved-for-use
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the only two manufacturers to provide a legally approved Level 3 vehicle.
Finally, it is worth citing the extensive consultation process undertaken by
the Commission through several working groups called upon to analyze
the current situation and provide valuable recommendations for the
future. An appropriate instance of this is establishing the High Level
Group (HLG) Gear 2030 in 2015. The outcome of such a consultation
process provides some valuable suggestions to address the main challenges
and opportunities o ered by cooperative driving in the runup to 2030
and beyond 1°.

2.1.1 Italian Roadmap for C-ITS

In recent years, the Italian government has been paying great attention
to the issue of Smart Roads, promoting a policy aimed at standardizing
and homogenizing practices, being rst and foremost the guarantor of
the creation and optimal management of the Italian road network. To
this end, following all the European directives in Sec. 2.1, in 2018 was
released by the Italian Ministry of Infrastructure and Transport (MIT)
the so-called Smart Road Decree to foster the digital transformation
process aimed to introduce: tra c¢ observation and monitoring platforms,
data and information processing models and provide advanced services to
infrastructure managers, to the public administration and road users, so
to create a technological ecosystem able to guarantee the inter-operability
between new infrastructures and vehicles generation. Summarizing, this
digital transformation process is halized to:

enhance tra ¢ management systems by exploiting real-time tra ¢
congestion conditions;

enhance road safety and security by introducing innovative services
enabled by new technologies.

ensure inter-operability with new generation vehicles and the com-
missioning of C-1TS services, starting with those called day-1 by
the European C-ITS platform.

Phttps://www.etsi.org/deliver/etsi_tr/102600.102699/102638/01.01.01_6
0/tr_102638v010101p. pdf



22 2 Cooperative Intelligent Transport Systems and Services

2.2 Advanced Driver-Assistance Systems

The revolution a ecting transport engineering and the car makers indus-
try is closely linked to the introduction of autonomous and automated
driving systems, which facilitate the role of drivers, leading to increased
safety since human error is one of the leading causes of road accidents.
Driving automation began with introducing the so-called ADAS. ADAS
are vehicle-based intelligent safety systems that could enhance road safety
by minimising human error. Indeed, they exploit automated technology,
such as sensors and cameras (see Fig. 2.5), to detect nearby obstacles
or driver errors and respond accordingly. Safety features are required
to avoid accidents and collisions by o ering technologies that alert the
driver to problems, implementing safeguards, and taking control of the
vehicle if necessary. Adaptive features may automate lighting, provide
adaptive cruise control, assist in avoiding collisions, alert drivers to pos-
sible obstacles, assist in lane departure and lane centering. Commonly
available ADAS are:

Cruise Control (CC) maintains a speci ¢ speed pre-determined by
the drive.

Adaptive cruise control (ACC) can maintain a desired speed and
distance from a forward vehicle. ACC systems with stop and go
functions can stop entirely and accelerate back to the speci ed
speed

Anti-lock Braking System (ABS) restores traction to a car tires by
regulating the brake pressure when the vehicle begins to skid and
assists drivers who may lose control of their vehicle.

Electronic stability control (ESC) can lessen the speed of the car
and activate individual brakes to prevent understeer and oversteer.

Automatic parking entirely takes control of parking functions,
including steering, braking, and acceleration, to assist drivers in
parking. Currently, the driver must still be aware of the vehicle&¢, s
surroundings and be willing to control it if required.

Backup camera provides real-time video information regarding the
location of a vehicle and its surroundings.
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Blind spot monitor involves cameras that monitor the blind spots
of the driver and notify the driver if any obstacles come close to
the vehicle.

Collision avoidance system (pre-crash system) uses small radar
detectors, typically placed near the front of the car, to determine
the distance to nearby obstacles and notify the driver of potential
car crash situations.

Driver drowsiness detection aims to prevent collisions due to driver
fatigue.

Driver monitoring system is designed to monitor the alertness of
the driver.

Emergency driver assistant facilitates emergency counteract mea-
sures if the driver falls asleep or does not perform any driving
action after a de ned length of time.

Forward Collision Warning (FCW) monitors the speed of the vehicle
and the vehicle in front of it, and the open distance around the
vehicle.

Intersection assistants use two radar sensors in the front bumper and
sides of the car to monitor any oncoming vehicles at intersections,
highway exits, or car parks.

Hill-start or hill-holder helps prevent a vehicle from rolling backward
down a hill when starting from a stopped position.

Lane Centering assists the driver in keeping the vehicle centered in
a lane.

Lane Departure Warning (LDW) alerts the driver when they par-
tially merge into a lane without using their turn signals.

Lane change assistance helps the driver through a safe completion
of a lane change by using sensors to scan the vehicle surroundings
and monitor the driver blind spots.
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Figure 2.5: ADAS and exploited automated technologies.

Tra c Sign Recognition (TSR) systems can recognise common
tra c signs, such as a stop sign or a turn ahead sign, through
image processing techniques.

Sensor-based systems o0 er varying degrees of assistance to the driver (see
Appendix B for an overview of the typical architecture of the automation
system of automated-driving cars). However, in their current form, such
vehicles are not yet capable of providing complete and cost-e ective self-
driving experiences [23]. To this aim, car manufacturers have developed
ADAS integrated with V2X communication device so to enable additional
interactions from/to other sources/destinations di erent from the Ego-
Vehicle-only platform and, hence, overcome shortcomings of this latter
approach. For this reason, more V2X applications that will increase safety
and tra ce ciency are expected to emerge in the foreseeable future [19].
Examples of communication-induced improvements are: V2V systems
allow vehicles to exchange information with each other about their current
position and upcoming hazards that are, for instance, beyond the line-of-
sight; V21 systems occur when the vehicle takes information about street
signs, TLSs status and road tra c congestion; V2X systems occur when
the vehicle monitors its environment and takes in information about
possible obstacles or pedestrians in its path.
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2.3 C-ITS Services

The EC divides the C-ITS services according to the degree of technological
maturity. So-called day 1 C-ITS services, which focus on exchanging
information enhancing foresighted driving, are considered technologically
mature, highly bene cial, and should be deployed quickly so that end-
users and society can bene t from them as soon as possible. Some
services of day 1 list are reported below:

Emergency Vehicle Approaching (EVA): aims at alerting about the
presence of approaching emergency vehicles before the siren or light
bar on-board the vehicle is audible or visible, thus allowing vehicles
to have more time to clear the road and, consequently, reducing the
number of unsafe manoeuvres. This is a critical service for safety.

Slow or Stationary Vehicle(s): alerts approaching drivers in the
event of slowdowns or vehicles which have stopped/failed during
the journey. It is a critical service for safety; however, it can also
bene ttra ce ciency.

Tra c Jam ahead Warning (TJW): alerts drivers about queues
near a tra c jam. This service can be handy when, for example,
the tail is hidden (e.g., behind a hill or curve). It is a critical service
for safety, but it can also bene ttra ce ciency.

Road Works Warning (RWW): informs drivers about current road
works and related restrictions. It is a critical safety service, but it
can also improve tra c e ciency.

Weather Conditions (WTC): aims to provide accurate and up-
to-date local weather information. It is handy in dangerous and
visually tricky weather conditions such as black ice or strong wind
gusts.

In-Vehicle Signage (VSGN): aims to provide preliminary informa-
tion on relevant road signs in the environment surrounding the
vehicle, thus increasing driver awareness. This is a critical service
for safety.
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In-Vehicle Speed limit (VSPD): informs drivers about speed limits,
either continuously or at a speci ¢ event (for example, in the vicinity
of road signs). It is a critical service for safety; however, it can also
bene ttra ce ciency.

Shockwave Damping (SWD): aims to mitigate the occurrence of
shockwave tra c to make the ow of vehicular tra ¢ more smooth.

Green Light Optimal Speed Advisory (GLOSA)/ Time To Green
(TTG): provides speed advice to drivers approaching tra c lights,
thus reducing the number of sudden accelerations or braking ac-
cidents. The optimisation of vehicle movement bene ts tra c¢
e ciency, vehicle operation (fuel economy), and the environment.

Cooperative Collision Risk Warning (CCRW): aims to minimise
the risk of collision when overtaking or merging with tra c. This
is a critical service for safety.

Infotainment services: provides di erent types of information to
drivers. They can be further outlined as follows: Information on
refueling and charging stations for electric vehicles (iFuel); O -
road parking information (Pinfo); Road and Parking Management
(Pmang); Information about Park & Ride (P&ride); Tra c Infor-
mation and Smart Routing.

The second group of C-ITS services is called the day 1.5: these are
services for which full speci cations or standards might not be entirely
ready for large-scale deployment, even though they are considered to be
generally mature. Some services of day 1.5 list are reported below:

Vulnerable Road user protection.

On street parking management & information.
O street parking information.

Park & Ride information.

Connected & Cooperative navigation into and out of the city (1st
and last mile, parking, route advice, coordinated tra c lights).

Tra c information & Smart routing.
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Involved q Communication Priority
C'I'_I‘S interlocutors N technology in deployment
services v2l | v2v | cAM | DENM | sPaT | MAP | ETSI-G5 | Cellular | Day1 |Day 1.5
EBL X X X X
EVA X X X X X
SSvV X X X X X
TIW X X X X
HLN X X X X X X
RWW X X X X X X X
WTC X X X X X X X
VSGN X X X X X X X
VSPD X X X X X X X
PVD X X X X X X
SWD X X X X X
GLOSA/TTG X X X X X X X
SigV X X X X X X X
TSP X X X X X X
Infotainment' X X X X X
LZM X X X X X
ZAC X X X X X
VRU X X X X X X
CCRW X X X X
MCA X X X X
WWD X X X X
CCN X X X X X X X X X

Figure 2.6: C-ITS services and relative features.

A wider and detailed list of C-ITS services and relative features is reported
in Fig. 2.6.

A more general classi cation of C-ITS services is given by CAR 2 CAR
Communication Consortium: day 1 services focus on exchanging infor-
mation enhancing foresighted driving; day 2 services improve the service
guality and share perception and awareness information; day 3+ adds
further sophisticated services like sharing intentions, supporting negotia-
tion and cooperation that paves the way towards cooperative accident
free automated driving. Moreover, the Consortium divides the C-ITS
services based on three use cases:

The exchange of status data via cooperative V2X communication,
e. g. the position, speed, driving direction, or special events like a
vehicle defect, enables a set of information and warning services.
They support road users in driving with foresight and get aware
of potential risks which are not yet visible to them. Examples
are Intersection Collision Warning, Emergency Vehicle Warning,
Dangerous Situation Warning, Stationary Vehicle Warning, Tra ¢
Jam warning, Pre-/Postcrash Warning.
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]

Figure 2.7: Awareness Driving example.

Sensing Driving: on top of status data, cooperative V2X capable
road users can share observations gained by sensors and advanced
environmental information. This way, other tra ¢ participants are
warned against dangers they cannot perceive themselves yet; non-
communicating road users are taken into account and protected
in di erent tra c situations. Examples are (Fig. 2.8): Overtaking
Warning, Extended Intersection Collision Warning, Vulnerable
Road User Warning, Cooperative Adaptive Cruise Control, Long-
term Road Works Warning, Special Vehicle Prioritisation.

Figure 2.8: Sensing Driving example.
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Cooperative Driving (Fig. 2.9): in addition to status and sensor
data, cooperative V2X road users can also provide intention data, al-
lowing them to interact intelligently and coordinate their behaviour
even in complex tra c situations. The prediction of the expected
behaviour of all road users is an essential requirement for the long-
term goal of highly automated and autonomous driving. Examples
are: (Static or dynamic) Platooning, Area reservation, Cooperative
Merging, Cooperative Lane Change, Cooperative Overtaking.

Figure 2.9: Cooperative Driving example.

2.4 Communication Standard

C-ITS services described in Sec. 2.3 needs to be supported by both
standardised messages and suitable communication technologies which,
hence, enable their development. The two wireless technologies that
support connected vehicles are DSRC and C-V2X [24, 25].

The DSRC and C-V2X communication technologies are capable of pro-
viding the vehicle safety applications within the message requirements of
1 [Hz] to 10 [Hz] periodicity and end-to-end latency of 50 100 [ms].
However, as vehicles become more advanced and, as they evolve towards
intelligent and autonomous vehicles, the Quality of Service (QoS) re-
quirements of V2X become more stringent. Thus, the existing V2X
technologies need to evolve to enhance the reliability in advanced V2X
use-cases for intelligent and autonomous vehicles. They should satisfy
ultra-low latency, safety, and security enhancements beyond what the ex-
isting V2X applications have achieved based on basic safety applications
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Use Communication Pyaload Max. Delay Datarate Minimum

Reliabilit
Case Mode (Bytes) (msec) (Mbps) Range (m) SRR
A o

dvanced.  u wor 300-12,000 3~100ms  10-50 360-500  90-99.999
driving
Remote

. V2N ’ 5ms UL:25/DL:1 - 99.999
driving
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R A 50-6000  10~500ms  50-65 80-350 90-99.99
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Extended )y vor vop 1600 3~100ms  10-1000 50-1000  90-99.999

sensors

Figure 2.10: Use cases and Quality of Service (QoS) requirements of V2X
applications.

[26]. Some advanced V2X applications and their QoS requirements are
listed in Fig. 2.10.

2.4.1 DSRC-Based V2X

The standardisation work of the DSRC has been carried out by: i)
Institute of Electrical and Electronic Engineers (IEEE), a worldwide
association of professionals to promote publications, conferences, and
technological standards; ii) European Telecommunications Standards In-
stitute (ETSI), the international body responsible for setting and issuing
standards in the eld of telecommunications across Europe. It is short-
range communication technology, exploiting the 5:9 [GHZz] frequency
band for data exchange, and relying on the IEEE 802.11p standard for
its physical (PHY) and medium access control (MAC) layers. DSRC
uses a MAC protocol that is simple, well-characterised, and capable of
distributed operations. ETSI G5 DSRC allows the transmission of the
following messages:

Cooperative Awareness Messages (CAM): single-hop messages,
sent with an adaptive frequency of 1 10 [Hz], including infor-
mation such as location, type, and direction; they are periodically
transmitted from each C-ITS agent to each nearest single-hop with
a speci c frequency.

Decentralized Environmental Noti cation Message (DENM): multi-
hop warning messages generated by ITS and C-ITS applications
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to warn neighbouring vehicles of potential dangers.

Signal Phase and Timing Message (SPaT): include information
about signal phase and timing of TLSs, the status of tra c¢ con-
troller, prediction of duration and phases, and permissions linked
to manoeuvres instead to lanes.

Map Data message (MAP): include information about the road
network topology.

The considered communication technology enables cooperative awareness
applications such as vehicle warning, vehicle tra ¢ management, and
emergency brake lighting. DSRC performance is adequate for most
vehicle safety applications requiring end-to-end latency around 100 [ms]
as long as the vehicle density assumes low values [27]. However, the
adoption of DSRC in vehicles has been delayed due to its poor scalability
and communication challenges imposed by high-mobility environments.
Indeed, its performance degrades if the vehicle density increases due
to packet collisions from the simultaneous transmission, the hidden
node problem, and weakness in the physical layer (i.e., radio technology).
Hence, since intelligent vehicle connectivity requirements and applications
are growing exponentially, DSRC cannot get closer to the ever-increasing
needs of such applications due to its limitation in satisfying all of the
speci cations of future V2X requirements. Moreover, the infrastructure
of DSRC needs RSUs, taking a massive amount of time and money
for global implementation. To overcome the issues in terms of MAC
throughput, inter-operability, Doppler shift, and so on, the IEEE 802.11
Next Generation V2X Study Group is developing the IEEE 802.11bd 1.
Fig. 2.11 summarises the advancements in 802.11bd over 802.11p.
Moreover, the 802.11bd should be able to meet the following requirements:
i) coexistence, i.e., it must coexist with 802.11p; ii) inter-operability, i.e.,
devices, information systems, or applications should be inter-operable
in such a way that 802.11p devices can detect and decode at least
one of the transmission modes from 802.11bd devices and vice-versa;
ifi) fairness, i.e., the 802.11bd and 802.11p standards must have fair
communication and access capabilities in co-channel con gurations; iv)
backward compatibility, i.e., at least one mode of 802.11bd must be
inter-operable with 802.11p.

https://www. ieee802.0rg/11/Reports/tgbd_update. htm
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Features/ Mechanisms 802.11bd 802.11p
Frequency band 5.9 GHz/ 60 GHz 5.9 GHz
Sub-carrier spacing 3125 KHz/ 156.25 KHz/ 78.125 KHz  156.25 KHz
Channel coding LDPC BCC
Re-transmission Congestion dependent None
Cyclic Prefix (CP) 1.6 us and 3.2 us 1.6 us
Spatial streams Multiple One
Relative vehicle speed 500 km/hr 252 km/h
Doppler shift counter measures High density midambles None

Figure 2.11: Feature comparison between 802.11bd and 802.11p.

2.4.2 Cellular V2X

More recent V2X communication exploits cellular networks, i.e. the
C-V2X technology developed by the 3" Generation Partnership Project
(3GPP) based on V2X RAT in release 14, which gives the highest pri-
ority for modi cations of radio access suitable for V2X. Long-Term
Evolution (LTE) for vehicles has been introduced as in-vehicle networks
as an alternative to DSRC for ITS and C-ITS services. More recently,
in 3GPP release 15 the V2X functionalities were expanded to support
5G; hence C-V2X technology will o er superior performance to support
connected vehicles communicate with transport infrastructure, leading
to less congestion, reduced emissions, and a smoother driving experi-
ence. The standard introduced two types of communications: network
communications using the Uu interface (the radio interface between
the user equipment and the enodeB) and direct communications using
the sidelink channel over the PC5 interface. Network communications
operate over licensed spectrum, and messages are relayed to vehicle user
equipment (UEs) using evolved node B (eNodeB). In contrast, direct
communications occur in the 5:9[GHz] spectrum, allowing vehicles to
exchange information directly. While 3GPP de nes the data transport
features that enable V2X, it does not include V2X semantic content.
Still, it proposes the usage of DSRC standards like CAM and DENM over
3GPP V2X data transport features *2. Multiple industry organisations,
such as the 5G Automotive Association (5GAA), promote C-V2X due
to its advantages over DSRC: 4G+/5G can be used for basic safety

https://www.3gpp.org/release-15
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applications, does not su er from the problem of shadowing (elements
such as buildings, trees, and walls that are common in urban environ-
ments constitute an obstacle to high frequency communications), improve
Non-Line of Sight (NLoS) capabilities and has been proved to be more
reliable, as well as more cost-e ective and easier to deploy [28]. Moreover,
C-Vv2X is intrinsically less disturbed as cellular networks operate within
a controlled and licensed spectrum, and, not least, it enables the V2N
communication, which does not exist in 802.11p based V2X networks.
The so-called 5G New Radio (5G NR) standard is currently under devel-
opment to meet ultra-reliable and ultra-low latency requirements, which
are particularly useful for autonomous driving applications. Incorporat-
ing a mobile network provider for V2N will facilitate frequencies beyond
ITS, with high service quality in low bands and millimetre waves in 5G.
Since C-V2X is already standardised and commercial deployments are
underway [29], NR V2X will not replace it, but it aims to provide support
and ensure all V2X applications in C-V2X e ciently. To ensure that
5G NR provide uni ed support for all V2X applications, it should be
capable of supporting both advanced V2X applications and basic safety
applications that are supported by present-day C-V2X.

2.4.3 Comparison between Cellular and Non-Cellular VV2X
Technologies

In a V2V scenario, one of the key challenges to realise ultra-reliable
connectivity is the high Doppler shift. NR V2X can better handle the
Doppler shifts, and as a result, it can outperform IEEE 802.11bd based on
reliability [29]. The salient features described above make NR V2X more
reliable, e cient, and exible than other technologies. A comparative
overview, including all standard features of 802.11p, 802.11bd, LTE V2X,
and NR V2X are given in Fig. 2.12

2.5 Testing and Validation Methods

The increasing complexity of C-ITS systems requires e cient and ef-
fective ways to test and evaluate them to guarantee safety, quantify
possible advantages and evaluate arising issues. Design and validation
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Features 802.11p 802.11bd LTE V2X NR V2X
Base technology 802.11a/n IEEE802.11n/ac 4G/LTE 5GNR

5.9 GHz~52.6 GH
Radio bands 59GHz  59GHz60GHz 59 GHz 07 s Tz

including mmWave

Data:Turbo coding
¢ Data:LDPC Control:
Channel coding BCC LDPC Control:Convolution i : S
. Polar coding
coding
Sub-6 GHz:15,30,60
) , 312.5 KHz,156.25 ?
Subcarrier spacing  156.25 KHz 15 KHz KHz mmWave:60,
KHz,78.15 KHz

120 KHz
Retransmission None Congestion dependent  Blind HARQ-based

Broadcast,
Modes Broadcast Broadcast, groupcast Broadcast groupcast,

unicast
PHY layer N/A OFDM SC-FDMA SC-FDMA, OFDM
Interoperability N/A Yes N/A Non co-channel
mmWave support N/A Yes N/A Yes

Figure 2.12: An overall comparison of 802.11p, 802.11bd, LTE V2X, and
NR V2X based on common features.

methods should demonstrate the behavioural competencies an automat-
ed/autonomous vehicle would be expected to perform during a routine
operation, the performance during crash avoidance situations, and the
performance of fallback strategies. Test approaches may include a com-
bination of simulation, test track, and on-road testing [30].

2.5.1 Field Operational Test

Field Operational Test (FOT)s are the most realistic validation methods,
as they are held with the prototype vehicle in public or con ned areas.
The high degree of reality requires more e ort and thus comes at a higher
cost. Traditionally, manufacturers have always sought to reduce the
amount of testing in FOTs as much as possible. There are two main
types of FOTs: real-world and closed area.

2.5.1.1 Real-World Tra c Testing

Test drives in real-world tra ¢ are performed on public roads to test
the capabilities and compliance with the safety requirements of an auto-
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mated/autonomous vehicle. In addition to the apparent advantage of
driving in a natural, targeted environment, it has many disadvantages.
The rst drawback is the low repeatability of test conditions, which are
non-reproducible. Secondly, the car must be fully functional, so these
tests must be carried out at the end of product development, extending
the development time. Test drives can cause danger to other users and
the driver himself, so it is required to avoid testing immature systems.
Also, testing on public roads is inconvenient and time-consuming, as
every hardware or software modi cation requires returning to the site of
the company. The strengths of this testing methodology are summarised
below:

High environmental validity: allows for validation of the vehicle in
its intended Operational Design Domain (ODD)(s) and the diverse
conditions these may present.

Can be used to test scenarios elements, such as weather and infras-
tructure (e.g., bridges, tunnels), that are unavailable through track
testing.

May be used to validate the simulation and track-testing by com-
paring an acADAS performance within a simulation and track test
with its performance in a real-world environment when executing
the same scenario.

Can be used to assess aspects of the acADAS performance related
to its interaction with other road users, e.g., maintaining the ow
of tra c, being considerate and courteous to other vehicles.

Allows model, single software, and tool-chain validation.
The weaknesses of this testing methodology are summarised below:

Limited controllability: public-road scenarios a ord a limited
amount of control over ODD conditions.

Limited reproducibility: public-road scenarios are di cult to repli-
cate precisely in di erent locations.

Restricted repeatability: public-road scenarios are challenging to
repeat precisely over multiple iterations.
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Limited scalability: public-road scenarios may not scale up su -
ciently.

Costly, but not as expensive as track testing, requires many re-
sources, and is time-consuming.

Safety risks: on-road testing could subject test personnel and the
public to signi cant risks of unsafe behaviour.

2.5.1.2 Closed Area Testing

Closed area testing area on- eld test carried out in closed areas specially
adapted for testing. This kind on test methodology allows the physical
vehicles to be tested through a limited set of realistic scenarios (based on
the test track geometries, dimensions, size, and ODDs to evaluate either
subsystems or the fully assembled system. These external inputs and
conditions can be controlled or measured during a test. This method
allows testing the vehicle with less danger than what is likely posed
within real-world tests. However, operating on test tracks can be resource-
intensive; therefore, testing on a test track will be based on selected
known critical scenarios. The strengths of this testing methodology are
summarised below:

Controllability: allows for control over many of the test elements,
including certain ODD aspects.

Fidelity: involves functional, physical ADS-equipped vehicles, real
obstacles, and environmental conditions.

Reproducibility: scenarios can be replicated in di erent locations
by di erent testing entities.

Repeatability: allows for multiple iterations of tests to be run in
the same fashion, with the same inputs and initial conditions.

E ciency: compared to real-world testing, closed-course testing
can accelerate exposure to known rare events or safety-critical
scenarios by setting them up as explicitly designed test scenarios.
Road testing, by contrast, could be an ine cient way to test less
co manifesting by chance.
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can be used to validate the quality of the simulation tool-chain
by comparing the performance of an acADAS within a simulation
test with its performance on a test track when executing the same
scenario.

The weaknesses of this testing methodology are summarised below:

Time e ort: can take a signi cant amount of time to set up and
execute.

Cost E ort: may require a large number of personnel and specialised
test equipment (e.g., obstacle objects, measurement devices, safety
driver).

Limited variability: facility infrastructure and conditions may be
challenging to modify to account for a wide variety of test elements
(e.g., ODD conditions). They are restricted to their geometries,
dimensions, size, and ODD limitations such as weather conditions,
time of day, number, and type of other tra c¢ agents.

Safety risks: physical vehicles and obstacles represent a potentially
uncertain and hazardous environment for the test participants.

Representativeness: even with its increased delity, it is not possible
to replicate at all the clutter or real-world environment.

Arti cial Cities Arti cial cities are fake cities purposely built to
perform testing of AD. Such cities exist, among others, in South Korea
(K-city) [31] or in the USA (Mcity) 3. For instance, Mcity consists of
40 building facades, a tunnel, a bridge, a four-lane highway, mechanical
pedestrians, standard road markings, and tra c lights. Testing in such
conditions has many advantages, such as testing in states that do not
threaten other road users. Moreover, all test conditions are almost
reproducible except for weather conditions. A signi cant advantage
is the possibility of any environment con guration, for example, by
changing signs or tra c lights. Despite all these advantages, this method
still has some drawbacks, including a degree of danger to the driver
during the tests. Furthermore, building such a city is very expensive and
time-consuming, and the car itself must still be fully functional.

Bhttps://mcity.umich.edu/our-work/mcity-test-facility/
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Test Track A cheaper alternative is testing on test tracks (or empty
squares). Individual obstacles are placed on the track to validate a given
safety-purpose designed system, e.g., emergency braking. This kind of
testing is probably the most popular because it is the cheapest and fastest
to implement. It is often the initial phase before testing in road tra c.

Semi-Virtual Tests It is common to combine a virtual test drive with
a real one. In the beginning, the entire real track is mapped into the
simulation. Then, a test car equipped with a high-accuracy Di erential
GPS (DGPS) sends its location to the simulator, which sends back the
environment data. This information is sent directly to the ECU of the
radar, and the active safety system is triggered. The test is carried out on
a real track where there are no road users, while from the perspective of
the car, it is driving along the same track simultaneously with other cars.
Often, in such an environment the driver is equipped with goggles, in
which elements generated by the simulator augment the reality. Another
approach to semi-virtual tests is to drive on an empty track where the
driver is equipped with VR goggles displaying the completely virtual test
drive. The advantage of this approach is that the driver experiences all of
the relevant forces while conducting a virtual test drive []. Semi-virtual
tests often require the presence of a driver in the car, which can be
dangerous, especially when the vehicle is a prototype. This risk can be
avoided by replacing the driver with actuators that can be controlled
remotely.

2.5.2 Virtual Testing

Virtual testing is a powerful approach to assessing the performance of
automated/autonomous systems under diverse and complex conditions
prohibitive for conventional physical testing. Virtual testing includes
replacing one or more physical elements characterised in a scenario-
based test with a simulation model. The goal of such virtualisation is
to resemble, to a su cient extent, the original physical elements. For
instance, in automotive applications, virtual testing is used to reproduce
the driving environment (and the objects therein) that interact with
either the entire system (e.g., a full vehicle and a C-ITS system), a
subsystem (e.g., an actuator or a hardware controller), or a component
(e.g., a sensor). In this perspective, virtual testing expands the scope
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of physical testing to account for the diversity of tra c¢. Indeed, such
an approach allows cost-e ectively assessing systems performance across
ranges of variables and arrays of scenarios. Furthermore, it enables
results of limited physical tests to be supplemented by veri able data
covering variations on the physical test scenario and the coverage of
safety-critical scenarios. All these advantages reduce the burden on
physical tests (0 setting their weaknesses) to improve the e ciency of
the overall assessment process. Hence, speed and exibility requirements
in analysing real-world events to verify performance against real-world
events and, if necessary, support modi cations to improve performance
are ensured. Another signi cant advantage is the possibility to assess
performance boundaries of automated/autonomous systems: through
methods of randomisation and compositions, it is possible to challenge
the system with unexpected, unplanned scenarios, and thus increases
the con dence in the performance of the system under investigation
when challenged with low probability events. Moreover, virtual testing
has the signi cant advantage of allowing the safe veri cation of speci ¢
requirements, also in conditions characterised by vast uncertainty, without
the risk of real accidents and crashes (or incipient collisions) such as
during autonomous manoeuvring [32].

Virtual testing is particularly indicated to test the C-ITS services under
safety-critical scenarios that would be di cult and unsafe to reproduce
on test tracks or public roads. Hence, through this approach is possible
to get con dence about the C-ITS service based on the virtual tests and
validation that was performed by the developer in an agile, controllable,
predictable, repeatable, and e cient manner.

The simulation tool-chain used for virtual testing may result in di erent
approaches. Before introducing these latter, it is worth noting that the
interaction between the system under the test and the environment can
either be an open or closed-loop:

Open-loop virtual tests: virtual objects actions are data-driven
only, and the information is not self-corrected based on feedback
from the output.

Closed-loop virtual test: a feedback loop that continuously sends
information from the closed-loop controller to the C-ITS service.
Within these test systems, the behaviour of the digital objects



40 2 Cooperative Intelligent Transport Systems and Services

could react in di erent ways depending on the action of the system
under test.

Model-in-the-Loop In Model-in-the-Loop (MiL) approach, the de-
signed system is a model created in a modelling tool, e.g., in MAT-
LAB/Simulink. By employing generic components, a general, high-level
system model is created. As a result, it is possible to design the system
without entering the implementation details. Testing the model involves
providing a set of simulated signals and checking its response.

Software-in-the-Loop In Software-in-the-Loop (SiL) approach, the
implementation of the developed model is evaluated on general-purpose
computing systems. This step can use a complete software implemen-
tation close to the nal one. SIL testing is used to describe a test
methodology, where executable code such as algorithms (or even an
entire controller strategy) is tested within a modelling environment that
can help prove or test the software. Such an approach brings with it some
risks: i) if the computer program is compiled with a di erent compiler,
the machine code may be slightly di erent from a machine code compiled
with a dedicated compiler; ii) during execution on the nal hardware,
such programs can behave di erently.

Hardware-in-the-Loop Hardware-in-the-Loop (HiL) involves the -
nal hardware of a speci ¢ vehicle sub-system running the nal software
with input and output connected to a simulation environment to per-
form virtual testing. HIL testing provides a way of replicating sensors,
actuators, and mechanical components that connects all the 1/0 of the
Electronic Control Units (ECU) being tested long before the nal system
is integrated. This is probably the most common type of testing in the
automotive industry, because usually the manufacturer of the designed
device is responsible for only one device and has no access to other
cooperating devices. The main drawback is that the device is not tested
in the real environment with other real ECUs, with real power supplies,
etc. Therefore, there is a chance that the device will not work correctly
in a real environment.
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Vehicle-in-the-Loop Vehicle-in-the-Loop (ViL) is a fusion environ-
ment of a real testing vehicle in the real-world and a virtual objects.
It can re ect vehicle dynamics at the same level as the real-world, and
it can be operated on a vehicle test bed or a test track. This testing
method is often possible to meet the terms of testing in the open and
closed-loop.

Driver-in-the-Loop Driver-in-the-Loop (DiL) is typically conducted
in a driving simulator to test the human-automation interaction design.
DiL has components for the driver to operate and communicate with the
virtual environment.

Since they are based on the utilisation of physical hardware, all described
methods (except SiL and MiL) have to be conducted in real-time, resulting
in complications regarding their scalability.

Strengths of this testing methodology are summarised below:

Controllability: it a ords an unmatched ability to control many as-
pects of a test. Agility: allows for system changes to be reevaluated
immediately.

E ciency: many tests can be run concurrently in a relatively short
amount of time (also in MIL and SIL approaches).

Cost e ectiveness at test execution: the running costs connected
to its use are considerably lower than those required by physical
testing.

Wide scenario coverage: compared to other testing methods, virtual
testing allows a wider exploration of safety-critical scenarios.

Data gathering and analysis: o ers a convenient and error-free
platform for data gathering and analysis of the system performance.

Repeatability and replicability: simulation a ords the re-execution
of the same virtual test without deviations due to stochastic phe-
nomena. Faults in the functioning of the ADS can thus be identi-
cally replicated at any moment.

The weaknesses of this testing methodology are summarised below:
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Lower environmental delity/reliability: it is challenging and likely
impossible for models to completely reproduce the environment,
responses, and behaviour of the vehicle, other road users, etc., in
the real world.

Risk of over-reliance: without proper consideration of models in-
trinsic limitations, a risk exists to put too much emphasis on virtual
testing results without su cient proof of their validity by physical
testing.

Expensive software life-cycle: the availability of a simulation model
to execute virtual testing requires covering speci ¢ aspects of the
software life-cycle, which can be costly and time-consuming.

It is worth noting that virtual simulation approaches have been recog-
nised as a key component to foster the development of connected and
autonomous driving technologies on public roads according to the recent
technical literature (see e.g. [33]). Moreover, as a matter of fact, in the
automotive industry 80% improvements of automated vehicles comes
from simulation, according to Krafcik, CEO of Waymo (see [34] and
[35]). In addiction, the importance of using simulations to provide a
broader and robust assessment of advanced technologies and innovating
solution aiming at improving passenger autonomous car safety is also
highlighted in the Euro NCAP 2025 Roadmap (2018) ' and clearly
emerges from the guideline documents of the European Commission 1°
16 According to this trend, some Nations regulate the testing activities
of automated/autonomous vehicles via virtual simulations before on-road
tests, both on test roads and public ones, as in the case of the Italian
Smart Road Decree. 17 stating that autonomous vehicles need to perform
virtual experiments of at least 3000 [Km] for each simulated use-case,
before going on the Italian roads.Along this line, theoretical results in
the automated driving eld are usually validated via integrated virtual
simulation platforms, e.g., see the very recent results in [35, 36].

1%https://cdn.euroncap.com/media/30700/euroncap- roadmap-2025-v4 . pdf
Bhttps://publications. jrc.ec.europa.eu/repository/handle/JRC119345
1®https://ec.europa.eu/growth/content/guidelines-exemption-procedure-e
u-approval-automated-vehicles_en
https://www.gazzettaufficiale.it/eli/id/2018/04/18/18A02619/sg



CHAPTER 3

Cooperative Driving
Systems

Cooperative driving systems, one of the C-ITS services, exploit the
wireless communication in addition to status and sensor data so to
enable V2X road users to communicate with each other, hence providing
intention data, allowing them to interact intelligently and to coordinate
their behaviour even in complex tra c situations. The prediction of the
expected behaviour of all road users is an essential requirement for the
long-term goal of highly automated and autonomous driving. Only the
cooperative driving systems relating to vehicles will be dealt with in the
following.

The idea of vehicles cooperating via wireless communication dates back
to the 1980s [37] when California PATH program was established to study
and develop vehicle-highway cooperation and communication systems [38,
39]. The basic idea is to enable the communication and the cooperation
among neighbouring vehicles to safely reduce their mutual distance, hence
increasing the road capacity, and suppress tra c¢ shock-waves, hence
reducing fuel consumption [40].

To allow communication among nearby vehicles or between vehicles
and nearby xed roadside equipment, di erent architectural solution for
creating vehicular networks were proposed. Such architectures have to
guarantee two primary communication paradigm:
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Figure 3.1: Cooperative driving systems.

a pure wireless V2V , allowing vehicular communication with no
infrastructure support;

an hybrid V21 architecture that does not rely on xed infrastructure
in a constant manner, but can exploit it for improved performance
and service access when it is available.

The V21 architecture implicitly includes V2V communication. The com-
munication between vehicles or between vehicles and road infrastructure
enable vehicles and infrastructure to form a cooperative system where the
users exchange information and cooperate to improve the quality of the
travel experience. In cooperative driving systems vehicles are organised
as a platoon, i.e., a set of vehicles that, to reach a common objective,
share information about their state information (position, velocity, accel-
eration, consumption, emission, etc.) or communicate with a road side
infrastructure through a wireless communication network as in Sec. 2.4
(see Fig. 3.1). The core of such cooperative driving systems is a set of
algorithms deployed on the vehicles and controlling their motion based
on the behaviour of the surrounding vehicles so to achieve an inter-vehicle
separation (smaller than the one guaranteed by human drivers, but safe)
while increasing road capacity and decreasing, at the same time, tra ¢
congestion [41, 42, 43]. Another bene t, originated by cooperation, is
that the aerodynamic drag is reduced (especially for heavy-duty vehicles)
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thereby increasing fuel economy and, consequently, lowering pollutants
emissions [44, 45]. The cooperative driving systems are characterised by
distributed, hierarchical control to achieve these objectives. The high-
level control structure takes decisions and computes set point for the
lower level controller that acts on the throttle and brake systems. As an
exemplary case, one can consider the architecture shown in Fig. 3.2 [46],
where is possible to distinguish ve layers: network layer, link layer,
coordination, and planning layer, regulation layer, and physical layer.
The aforementioned layer have the following functions:

Network Layer

Roadside Inlet & outlet Traffic
System Boundary Information
Conditions

Link Layer

Velocities Vehicle
Activities Densities

Platooning
scenarios

Maneuver Entry Leader Leave Follower Leave

i Planning and Coordination | pyanning and Planning and i
i | Coordination Layer € > Coordination Layer € > Coordination Layer | |

. e e | Merge Spiit
Order Maneuver
Maneuver, Completed

Vehicle ‘
System L
Control Sensor
Signal Signal

Physical Layer «—————>  Physical Layer «———>  Physical Layer

Basic

Lane Change | \yaneuvers

‘ ! Layer

Neighbor Vehicle Neighbor

Figure 3.2: The architecture for the cooperative driving of au-

tonomous/automated vehicles.

1. Network Layer: controls the tra ¢ ow at the network level. It

optimises the capacity of the whole set of roads and the average

travel time for each vehicle and reduces transient congestion;

2. Link Layer: controls the link tra ¢ ow to achieve its total capacity
and minimise the travel time of vehicles and tra ¢ congestion. Each
link communicates with the neighbouring links and transfers the
tra ¢ ow between links. Links are divided into multiple sections,

where aggregated vehicle density, speed, and ows are measured.

3. Coordination and Planning Layer: determines the intents of the
di erent vehicles in the platoon, such as join, split and change lane
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manoeuvres. This layer performs a structured data exchange via
communication protocols with the neighbouring vehicles to safely
execute such a manoeuvre.

4. Regulation Layer: it deals with the vehicle’s lateral and longitudinal
control. It receives the commands from the coordination layer and
translates them into steering, throttle, and braking inputs to the on-
board vehicle’s actuators. It uses various continuous-time feedback
control laws to generate inputs for the vehicle’s actuators to execute
the desired manoeuvres. This layer handles two longitudinal control
tasks: maintaining speci ed velocity and inter-vehicle spacing and
e ciently and safely performing manoeuvres outputted by the
coordination and planning layer for the platoon leader or free
agents.

5. Physical Layer: it consists of the local physical components which
include local sensors, various lateral and longitudinal guidance,
steering and brake control systems, and transmission and engine.

The criteria of the movement come from the tra c control layer. The
tra c control layer has two parts: the physical part, which includes
the infrastructure-based ITS equipment like sign boards, tra c signals,
and the road-vehicle communications, and a logical part that contains
common sense, laws, rules, manners, and ethics in the human society.
Within the two parts, a criterion that must be common to neighbouring
vehicles will be found and sent to the vehicle management layer in each
vehicle. The cooperative control strategies that drive the collective
behaviour of vehicles platoon are usually deployed on the regulation layer
and network/link layer of the architecture in Fig. 3.2.

The control strategy precursors of the cooperative driving system in-
troduced by the automotive industry is the ACC system. The ACC is
considered to be the successor of the conventional CC. A vehicle with
CC can maintain a pre-selected speed if no vehicle is upfront. The ACC
is a radar-based system that is designed to enhance driving comfort and
convenience by relieving the driver of the need to adjust speed to match
that of a preceding vehicle continually. The system slows down the speed
when it approaches a vehicle with a lower speed, and the system increases
the speed to the level of speed previous set when the vehicle upfront
accelerates or disappears (e.g., by changing lanes) [47]. Recently, V2V
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communication has pushed the ACC system into a more sophisticated
system, called Cooperative Adaptive Cruise Control (CACC). Each
vehicle within the cooperative driving system is equipped with on-board
sensors measuring position, velocity, acceleration. Such a set of measure-
ments requires Inertial Measurement Unit (IMU), Global Positioning
Systems (GPS), and radars, commonly available on vehicles. Each vehicle
is also equipped with wireless V2V communication hardware to share
information with its neighbours and receive reference signals. Thanks
to the information of neighbours vehicles, CACC controller will be able
to anticipate problems better, enabling it to be safer, smoother, and
more reliable in response. In CACC, wireless communication is used by
the controller to regulate speed and distance between vehicles, ensuring
that any changes in speed by the driver in front of you are immediately
registered in the cooperative vehicle. However, most of the CACC con-
troller presented in the literature does not cope with communication
failure/impairments, network delay, and security vulnerabilities. A exi-
ble control system, re-con gurable based on the actual communication
capabilities, has to be designed to overcome these issues. In this sight,
cooperative driving can be represented as a networked control system
where the vehicles are controlled by handling their state information and
networked information received from neighbouring vehicles through the
communication network [48, 49, 50] in which the time-delays are explic-
itly modelled to give a more realistic representation of the cooperative
driving systems [51, 52].

3.1 Modelling of Connected Autonomous Vehi-
cles

Formation control of autonomous, connected vehicles is one of the typical
problems addressed in the context of networked multi-agent systems (e.g.,
for the ight formation of autonomous aerial vehicles [53]). It follows that
a multi-agent system has been naturally proposed as an alternative mod-
elling approach to easily handle the coordination of ground vehicles (cars)
and to manage platoon tasks (e.g. see [54, 55, 48, 56, 49, 57, 51, 58, 59]
and references therein).

By leveraging this networked control system paradigm, a platoon com-
posed of multiple connected and automated vehicles is represented as
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Figure 3.3: Schematic representation of autonomous connected vehicles
platoons from networked control systems perspective [1].

a one-dimensional network of dynamical agents, in which each agent
only uses its neighboured information to control its motion locally. At
the same time, it aims to achieve speci c¢ global coordination with all
other agents. This framework is schematically represented in Fig. 3.3
as the composition of the following main interrelated components: a)
agent dynamics, that model the longitudinal dynamics of each vehicle; b)
communication topology, which indicates how and if an agent obtains
information about other agents depending on the active communication
links ¢) formation geometry, which de nes the desired spacing between
adjacent vehicles in a platoon; d) distributed collaborative control that is
implemented at the single-vehicle level and depends on both the state vari-
ables of the vehicle itself (measured on-board) and information received
from neighboured vehicles through the communication topology.

3.1.1 Agent Dynamics

Each agent can be thought of as a generic non-linear control system of
the form:

Xi(t) = fi(xi(1)) + gi(xi(D)ui(t); (3.1)

where xj(t) 2 R" is the state of the system and u;(t) 2 R™ the control
inputs.

The complex mathematical form of multi-body vehicle models demands
a simultaneous solution of the combined di erential and/or algebraic
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equations, thus introducing convergent issues with an increased compu-
tational burden. However, while designing control requirements, these
bulky models are rarely used in their raw form, owing to the inherent
complexity in analysis and design. Accordingly, simpli ed versions of the
vehicle models are widely used. Both pure longitudinal and complete
(considering both longitudinal and lateral motion) control-oriented vehi-
cle models, presented in the following, can be used for simulation studies
performed during vehicle design or performance analysis.

Before introducing the several control-oriented vehicle models, it is
worth noting that multiple vehicles are involved in cooperative driving
applications. Thus a feature for the agent dynamics is homogeneity.

De nition 1. A platoon of connected autonomous vehicles is homoge-
neous if all vehicles share identical dynamics; otherwise, it is heteroge-
neous.

3.1.1.1 Longitudinal Models

The behaviour of each vehicle within the vehicular network is described
by its longitudinal dynamics. These latter are inherently nonlinear due
to some salient non-linearities involved in the power-train system, e.g.,
engine, drive-line, brake system, aerodynamics drag, tire friction, gravi-
tational force [60].

For control design purpose, the following assumptions are usually made
to obtain a concise model for cooperative driving control [61]: i) the lon-
gitudinal tire slip is negligible; ii)the vehicle body is rigid and symmetric;
iii) the in uence of pitch and yaw motions are negligible; iv) the driving
and braking torques are controllable inputs.

Under the assumption mentioned above, the simpli ed resulting longi-
tudinal dynamics for each i-th vehicle, still nonlinear, are described as
follows [48] (8i =1; ;N, being N the number of the vehicle within
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the vehicular network):

pi(t) =vi(t);
Fi(t) = mijvi(t) + mgsin( i(t)) + mgcos( i(t))%(clvi(t) +C2)
+SICoARVED
. _ I:des;i(t) I:i(t).
Fi(t) = T T

(3.2)

where pj [m], vi [m=s] are the position and the speed of the i-th vehi-
cle that are measured with respect to a road reference frame; m; [kg],
air [kg=m3], Cp:i Ag;i [M?], g [m=s?], i, ri [m] are the mass, the air
density, the aerodynamics drag coe cient, the front area, the gravita-
tional acceleration, the mechanical e ciency of drive-line and the wheel
radius for the i-th vehicle, respectively; the parameters C,, c1 and c, are
related to the rolling resistance force and vary on basis of the road surface
condition and the type of the vehicle tire; Fi(t) [N] denotes the actual
driving/brake force; T; [s] is is the characteristic time constant of the
drive-train depending upon speci c features of the vehicle; Fges:i(t) [N]
is the desired driving/brake force, i.e. the control input, that has to be
imposed to vehicle dynamic in order to reach a speci ¢ control objective.
However, control performance are di cult to analytically analyse for
nonlinear models [61]. To this aim, linear models are more frequently
used to formulate tractable problems. The most commonly used models
for describing the i-th vehicle behaviour are:
paragraphSingle Integrator Model
The single integrator model is the simplest model for vehicle dynamics,
where the vehicle speed is taken as the control input u;(t) and the position
pi(t) is the only state variable [62], i.e.

Ri(t) = ui(t): (3-3)

Second-Order Model One improvement compared to single integrator
model is to consider the vehicle dynamic as a point mass, described by
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the following second-order dynamics[63]:

pi () =vi(D);

1 (34)
vi(t) = ﬁul(t),

where p; [m], vi [m=s] are the position and the speed of the i-th vehicle;
m; [kg] is the mass of the vehicle i; uj(t) [m=s?] is the control input, i.e.
the desired acceleration that has to be imposed to the vehicle dynamic
so to achieve the desired control objective.

Note that, although commonly exploited, the assumption of directly
controlling the acceleration of the vehicle still does not capture some
features of the internal vehicle dynamics, e.g., the inertial delay in
power-train dynamics, and might lead to instability in real-world driving
conditions [64].

Third-Order Model The third-order model is introduced to take
into account the power-train dynamics of the vehicle. It is obtained
by converting the nonlinear model (3.2) into a linear one for controller
design via a feedback linearization technique [64]. Speci cally, the control
input Fyes:i(t) is selected as [61]
Mw:i .
Faes;i() =~ CpiAriVi()(2Tivi(t) + vi(t)) + mgsin( ;)
: c (3.5)
- r -
+ mgcos( |)‘1000 (cavi(t) +c2)
where u;j(t) is the new input after linearization. Then, the following
linear model is obtained for vehicle longitudinal dynamics [65]:

Tiai(t) + ai(t) = ui(t); (3.6)

where a;j(t) [m=s?] denotes the acceleration of vehicle i.
Considering the state space representation of model (3.6), the third order
model for each vehicle is obtained as:

Xi = AXj + Bui(t) (3.7)

where x;(t) = [ri(t) vi(t) ai(t)]” 2 R® represents the i-th vehicle state
vector (i=1; ;N) (being ri [m] and v; [m/s] and a; [m/s?] the i-th
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Figure 3.4: Vehicle 2-DOF bicycle model.

vehicle position, velocity and acceleration, measured with respect to road
reference frame); A 2 R® 2 and B 2 R® ! have the following expression:

2 . 3 203
A=9 1 £:8=8 0 &: (3.8)
1 1
Ti Ti

Ti

o O O
o O -

3.1.1.2 Longitudinal-Lateral Models

Complete models are applicable for representing general longitudinal and
lateral vehicle dynamics. The most commonly used models for describing
the i-th vehicle behaviour are described in the following.

2-DOF Linear Bicycle Model The bicycle model is one of the most
frequently used form of vehicle representation, owing to its simplicity
and lesser computational requirements. For control design requirements
not requiring critical dynamics analysis, this simpli ed model is of great
applications [66].

The bicycle model, shown in Fig. 3.4, has 2 Degree-of-Freedom (DOF),
i.e. yaw rate and lateral sliding angle.

The dynamic model has been formulated neglecting roll, bounce, and pitch
with the following assumptions considered during the design: i) front,
and rear tires lateral sliding and steering angles are neglected; ii) the
longitudinal velocity remains almost constant; iii) a linear relationship
is assumed to exist between the lateral forces of the tire and the sliding
angle; iv) the front wheel is the guiding wheel. Accordingly, the dynamics
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of body slip angle ( ) and yaw rate ( - [rad=s]) representing the model
can be obtained as

Cs.: +C.i lpiCe:  IfiCp: Cs.:

i = 2 i r;i : +2.0 i 2, r;i + i £l
mM;Vx:i miVX;i mM;Vx:i
. . 2 2 .

_ 2|r:lcf;i If;iCpi IfiCei  IfiCri IeiCei

=2 it 2=V j+2 £is
Iz;i Iz;iVx;i Iz;i

(3.9

where subscript f and r stand for front and rear axle, respectively;
Cgi [N=rad] and c,.; [N=rad] are nominal lateral sti ness; l¢;; [m] and
Ir-i [m] are the distance of front and wheels from centre of gravity; m;[kg]
is the mass of the vehicle; Vy.; [m=s] is the longitudinal speed; ; [rad]
is the yaw angle; 1;;; [m N s] is the car inertia; ¢; [rad] is the front
steering wheel angle.

The tire lateral forces in terms of friction coe cient can be expressed in
terms of friction coe cient

Fei= fiCri = fiCRi (3.10)

Fri= riCri= riCri ;

where cfj [N=rad] and c,; [N=rad] are front and rear tire cornering

sti ness, respectively.

According to [60], the desired yaw angle ges:i [rad] can be expressed as
1

Yees:i
desii = arctan —<=L (3.11)
xdes;i

being Xges:i [M=5] and Yqes:i [M=s] the longitudinal and lateral desired
speeds, respectively, while Xges:i [Mm] and Yqes:i [M] are the desired global
position coordinates. The trajectory of the centre of gravity in an absolute
inertial frame could be calculated as

Xi =Vx;iC0S ges;i  Vy:iSIN des:i;

) (3.12)
Yi =Vx:iSIN des:i + Vy:iCOS ges;i:

In spite of the simplicity of the bicycle model, it is seldom used for intricate
control designs. Indeed, when used for vehicle operations involving hefty
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Figure 3.5: Non linear 3 DOF bicycle model.

lateral speeding, the linearized bicycle model predicted responses will
vary considerably from the actual vehicle response. To this reason, in
those case a nonlinear model re ecting the nonlinear attributes will be a
better choice.

Non-linear Bicycle Model The model is formulated with the as-
sumption that the vehicle mass is completely in the vehicle rigid base.
From Fig. 3.5, the dynamic equations for the nonlinear bicycle model
can be obtained as follows:
X
m;i (Vx;i Vy;iri) = Fx:2:i;
>

Myii Vxiri) = Fxis (3.13)

Iiti =Fyrilei Fyrilei
r=_
where ? 2 (f; r) indicates the front and rear axes; Fx.»;i [N] and Fy.2;i [N]

represent the forces along x and y axis, respectively, computed as function
of longitudinal tire force Fy.x;>;i [N], lateral force Fy.y.>;i [N] and the
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wheel steer angle ¢, as

I:y;?;i = I:W;x;?;i sin 2i + Fw;y;?;i COS 2, (3 14)
FX:?Ji = I:W;X;?;i COS 2 Fw;y;?;i sin 2:i-

Considering drive moment Ty.qg2i [Nm] and braking moment
Tw:2:i [Nm] applying on each wheel, the rotational motion can be
derived as

Iz;i !W;i = Tw;d;?;i I:x;w;’?;irw;i Tw;b;?:i; (3-15)

where ry:ij [m] is the wheel radius. Again, the trajectory of the centre of
gravity in an absolute inertial frame can be computed as in (3.12).

3.1.2 Communication Topology

The co