p -

NETWORKS AND COMMUNICATIONS
Vehicular Networks

Design and Evaluation
of Ad Hoc
Routing Protocol

Martine Wahl
Patrick Sondi

e WILEY



Table of Contents

Cover

Table of Contents
Title Page
Copyright Page
Preface

1 Challenges Involving Ad Hoc Communications on the
Road

1.1. Introduction

1.2. The railway experience in the vehicular
networks of the future

1.3. The contribution of ad hoc communications to
vehicular networks

1.4. Conclusion
1.5. References
2 Functional Approach to Protocol Design
2.1. Introduction
2.2. Ad hoc routing protocol basics

2.3. A few strategies adopted by ad hoc routing
protocols

2.4. Ad hoc routing_protocols for road traffic

study
2.6. Conclusion
2.7. References
3 Models and Simulations for Performance Analysis
3.1. Introduction


clbr://internal.invalid/book/OPS/cover.xhtml

3.2. Choice of road context and radio technology
3.3. Modeling_and simulation tools for VANETSs
3.4. Choice of modeling and simulation tools

3.5. Definition of mobility scenarios in a highway
context: example of the construction of mobility
models

3.6. Transmission modeling
3.7. Conclusion
3.8. References

4 Performance Evaluation of the Protocol for
Collaborative Applications

4.1. Study background
4.2. Configuration of the mobile nodes

4.3. Validation of the CBL-OLSR implementation in
OPNET Riverbed Modeler

4.4. CBL-OLSR system performance analysis with
transfer of application data

4.5. Conclusion
4.6. References

5 Formal Model for the Analysis of the Properties of the
Protocol

5.1. Introduction

5.2. The contribution of formal methods to protocol
engineering

5.3. The Event-B method

case study

5.5. A correct-by-construction model of CBL with
Event-B

5.6. Model validation



5.8. References

6 Integration of Ad Hoc Components in a Global
Infrastructure

6.1. Introduction
6.2. Ensuring_connectivity and services
6.3. Cooperation and performance improvement
6.4. Evolution of design and evaluation methods
6.5. Conclusion
6.6. References

List of Authors

Index

End User License Agreement

List of Tables

Chapter 2
Table 2.1. Quality of service metrics

Table 2.2. Modification for CBL of the “message
type” defined in the OLSR prot...

Table 2.3. Encoding the one-hop neighbor table of a
node

Table 2.4. Proposed encoding for the Link type, for
use of the CBIL schema, whi...

Chapter 3

Table 3.1. Models required according to the type of
CBL evaluation to be carri...

Table 3.2. Minimum requirements for obtaining. a
realistic mobility model accor...



Table 3.3. Connectivity strateqgy listed in 2019 (Naik
etal 2019)

Table 3.4. IEEFE 802.11p standard and P802.11bd
draft standard according to Nai...

Table 3.5. Some models of signal propagation in
VANETs (Rivoirard 2018)

Table 3.6. Some microscopic road traffic simulators
(Rivoirard 2018)

Table 3.7. Some network simulators

Table 3.8. VANET simulators (Ahmed et al. 2019;
Amoozadeh et al. 2019)

Table 3.9. Protocol layer modeling 1 to 7 according
to the analysis performed...

Table 3.10. Modeling of terrain characteristics
according to the analysis pert...

Table 3.11. Definition of scenarios (S1 to S9)
according to road network and t...

Table 3.12. Scenarios S10 to S13 defined on a
section of the A27 highway accor...

Table 3.13. KraulS car-following. model parameters
for cars and trucks

Table 3.14. Number of nodes modeled per scenario
in Riverbed Modeler

Table 3.15. 802.11p protocol medium access
category parameters (IEEE 2012; ETS...

Table 3.16. 802.11p nodes configuration in OPNET
Chapter 4

Table 4.1. V2V communication requirements for




Table 4.2. OLSR and CBL-OLSR parameter values
(Vd: default values indicated in...

Table 4.3. AODV parameter values. Two AODV
variants are modeled in section 4.4...

Table 4.4. Average values of Ms structural
performance metrics obtained betwee...

Table 4.5. Average values of Mril to Mr7 routing
metrics obtained for CBL-OLSR ...

Table 4.6. 6si (respectively Ori) results from the
subtraction of the average ...

Chapter 5

Table 5.1. Formal modeling of CBL properties in
Event-B invariants

Table 5.2. Animation sequence to verify the CBL
Event-B model

List of lllustrations

Chapter 2

Figure 2.1. Example network to illustrate the basic
notions.

Figure 2.2. Communication modes unicast,
broadcast, multicast and anycast

Figure 2.3. Formation of a symmetric link as seen
by node Nj.

Figure 2.4. Illustration of the one-, two-, three-,_ and
four-hop strict neighb...

Figure 2.5. Multipoint relay and flooding-based
routing strategies (Rivoirard ...

Figure 2.6. Node functions in a cluster organization



Figure 2.7. Hierarchical backbone-type topology
within an ad hoc network

Figure 2.8. Overall operation proactive methods.
Figure inspired by Olariu and...

Figure 2.9. Overall operation of reactive methods.
Figure inspired by Olariu a...

Figure 2.10. Comparison of OLSR and AODV on
routing traffic (source: Lebedev 2...

Figure 2.11. Hybrid approach operation. Figure
inspired by Olariu and Weigle (...

Figure 2.12. Topological network division by the
GRP protocol (source: Hussey ...

Figure 2.13. Classification of information specific to
the vehicular context (...

Figure 2.14. Restriction of the path search using a
geographic area

Figure 2.15. Local geographic restriction of the
PGB method. Diagram inspired ...

GSR protocol (Rivoirard 2018).

Figure 2.18. Neighborhoods within n hops around a
central node (inred)onat...

Figure 2.19. Power variation according. to the
average number of neighbors (Riv...

Figure 2.20. Utilization example the VADD protocol
in an intersection (Mukunth...

the GeoNetworking protocol (sour...




Figure 2.22. Illustration on a three-lane highway of
a cluster of vehicles cre...

Figure 2.23. Illustration of the creation of a chain in
a motorway scenario ex...

Figure 2.24. Connection time (CT) depending on
relative speed and transmission...

Figure 2.25. Increase of the stability of CBL by
means of the ChainTime parame...

Figure 2.26. Procedure upon receiving a HELLQO
message (Rivoirard 2018)

Figure 2.27. Impact observed via Ms1 between t =
150-300 s of the weight coeff...

Figure 2.28. Cumulative duration for each value of
the number of chains observ...

Figure 2.29. CBL Nodes and functional links: at the
bottom, an illustration of...

Chapter 3

Figure 3.1. Mobility models for VANETs according
to Harri et al. (2009) and Fi...

Figure 3.2. Path loss, shadowing and multipaths of
radio waves

Figure 3.3. Large-scale and small-scale fading
according to Sarkar et al. (200...

Figure 3.4. Two-ray ground reflection model

Figure 3.5. Trajectories traveled over 500 m of the
RN97 (southern suburb of G...

Figure 3.6. Sample maps.

Figure 3.7. Motorway networks: (a) R1, (b) R2 and
(c)R3




Figure 3.8. A27 highway and RD90 road imported
from Open Street Map into neted...

Figure 3.9. Construction of a road network for
SUMO (Rivoirard 2018)

Figure 3.10. Definition file for the intersections or
junctions points (the no...

Figure 3.11. Script for defining. connections (that is
roads or streets) betwee...

Figure 3.12. Visualization in netedit of the R2
network created by netconvert ...

Figure 3.13. Constructing traces with SUMO
(Rivoirard 2018)

Figure 3.14. Total vehicles per hour on the A27 on
April 6, 2017: (a) between ...

function (PDF) for cars and t...

Figure 3.16. Script for the definition of vehicle
demand for the low-density s...

4

Figure 3.17. Example ofa “.trj’

OPNET Riverbed Modeler form...

Figure 3.18. Excerpt from the beginning of the
“.xml” trace file obtained afte...

Figure 3.19. Excerpt of the resulting import into an
Excel spreadsheet of the ...

Figure 3.20. Multi-trace trajectory of a mobile node
on the R2 road network ed...

Figure 3.21. “.trj” file contents of the trajectory of a
node consisting of a ...

Figure 3.22. OLSR Process Model before and after
adding a function for inserti...




Figure 3.23. OPNET random mobility _mgr process
model for automatic allocation ...

modified release of the OPNET ran...

Figure 3.25. Trajectory_mobility node Process
Model attributes in OPNET.

Figure 3.26. CSMA/CA model - transmission in

unicast mode, respectively, broad...

Figure 3.27. Free-space attenuation modeling. -
taken from the wlan power.ps.c ...

Figure 3.28. Average power received for the
LOS/OLOS model and the Nakagami mo...

process model and invocation...
Chapter 4

Figure 4.1. Road safety applications and examples
of TTC values according to E...

Figure 4.2. CBIL-OLSR and OLSR routing loads
versus node density for scenarios ...

OLSR MPR respectively MPR) and I...
Figure 4.4. Concept of extended map (local

Figure 4.5A. Number of packets per second sent by
the UDP transport protocol t...

Figure 4.5B. Number of packets per second sent by
the transport UDP protocol t...

the UDP transport protocol t...




CBL-OLSR, OLSR and AODYV ...

Figure 4.7. Average values of dropped traffic at the
IP level (in packets/sec)...

Figure 4.8. AODV route discovery time (in seconds).

Figure 4.9A. Average load, average throughput and
deleted data at all WLAN nod...

deleted data at all WLAN nodes...

Figure 4.10. Total traffic load in bit/s received by a
WIAN BSS from layers ab...

Figure 4.11. WILAN retransmission attempts (in
numbers) and WILAN delays (in sec...

Figure 4.12A. Average number of hops at the IP
level for 10, 15 and 20 transmi...

Figure 4.12B. Average number of hops at the IP
level for 10, 15 and 20 transmi...

Figure 4.13. Proportion of the vehicle neighborhood
detected within a 300-m ar...

different EPM transmission period...

Figure 4.15. IP end-to-end delay for different EPM
transmission periodicity (i...

Figure 4.16. WLAN end-to-end delay for different
EPM transmission periodicity, ...

Figure 4.17. Packet delivery ratio (PDR) obtained
for the collaborative locali...

Figure 4.18. Packet delivery ratio obtained for the
collective perception appl...




Figure 4.19. IP end-to-end delay in milliseconds
obtained for the collaborativ...

Figure 4.20. IP end-to-end delay in milliseconds
obtained for the collective p...

Chapter 5

Figure 5.1. Correction-by-construction methodology
and Event-B model structure...

Figure 5.2. Example of CBL chains on a two-lane
highway.

Figure 5.3. Event-B model architecture of the CBL
protocol

Figure 5.4. Diagram of the operations on a packet

Figure 5.5. Level 1: basic functionality model of a
protocol

Figure 5.6. Packet sending event

Figure 5.7. Level 2: mobility and communications
modeling

Figure 5.8. The event associated with packet
broadcasting

Figure 5.9. Event updating vehicle position
Figure 5.10. Neighbor updating or deletion event

Figure 5.11. Level 3: modeling CBL rules and
properties

Figure 5.12. Branch node election event
Figure 5.13. Node status update event

Figure 5.14. CBL model implementation for
animation

Figure 5.15. CBL model animation ProB window.



Figure 5.16. Example of a chain resulting from an
Event-B animation sequence....

Figure 5.17. Examples of proof obligations of the
CBL model in Rodin.

Figure 5.18. Statistic synthesis of the proofs of the
CBL model in Rodin

Chapter 6

Figure 6.1. Proposition for a hybrid V2V and V21
structure with CBL.

Figure 6.2. Formal modeling/discrete event-based
simulation coupling.

Figure 6.3. VANET DEVS model in VLE (Chebbi
2019)

Figure 6.4. Illustrations of the different properties.




SCIENCES

Networks and Communications, Field Director - Guy
Pujolle

Vehicular Networks, Subject Head - Selma Boumerdassi

Design and Evaluation of
Ad Hoc Routing Protocol

Martine Wahl

Patrick Sondi



WILEY



First published 2024 in Great Britain and the United States by ISTE Ltd and
John Wiley & Sons, Inc.

Apart from any fair dealing for the purposes of research or private study, or
criticism or review, as permitted under the Copyright, Designs and Patents Act
1988, this publication may only be reproduced, stored or transmitted, in any
form or by any means, with the prior permission in writing of the publishers, or
in the case of reprographic reproduction in accordance with the terms and
licenses issued by the CLA. Enquiries concerning reproduction outside these
terms should be sent to the publishers at the undermentioned address:

ISTE Ltd

27-37 St George’s Road
London SW19 4EU

UK

www.iste.co.uk

John Wiley & Sons, Inc.
111 River Street
Hoboken, NJ 07030
USA

www.wiley.com

© ISTE Ltd 2024

The rights of Martine Wahl and Patrick Sondi to be identified as the authors of
this work have been asserted by them in accordance with the Copyright,
Designs and Patents Act 1988.

Any opinions, findings, and conclusions or recommendations expressed in this
material are those of the author(s), contributor(s) or editor(s) and do not
necessarily reflect the views of ISTE Group.

Library of Congress Control Number: 2024934516

British Library Cataloguing-in-Publication Data
A CIP record for this book is available from the British Library
ISBN 978-1-78945-112-2

ERC code:
PE6 Computer Science and Informatics


http://www.iste.co.uk/
http://www.wiley.com/

PE6 2 Computer systems, parallel/distributed systems, sensor networks,
embedded systems, cyber-physical systems
PE7 Systems and Communication Engineering

PE7 8 Networks (communication networks, sensor networks, networks of
robots, etc.)



Preface

Intent, abstract and target audience
for this book

This book provides a summary of the research work and
research frameworks collaboratively carried out by the
authors, namely, Martine Wahl, research fellow at the
Université Gustave Eiffel and Patrick Sondi, formerly
lecturer at the Université du Littoral Cote d’Opale,
currently professor at the Institut Mines-Télécom Nord
Europe.

The authors’ intention is to share their ideas and
knowledge accumulated over time, for almost 10 years, in
the field of communication protocol engineering, especially
for land transport systems.

This book focuses on ad hoc communications between
vehicles in a road environment. The development of driver
assistance applications inevitably creates a dependency in
users who, in the long run, will hardly be able to travel
without them. To prove this point, a vehicle without power
steering, without an anti-lock braking system (ABS) and
without a navigation system should be entrusted to a driver
who has recently obtained their driving license to travel to
a destination located more than 200 km away through
different types of roads. This book raises the issue of the
continuity of communication-dependent driving assistance
services in the road framework in areas where no
communication infrastructure has been deployed or has
become inoperative. With the help of an example of an ad
hoc routing protocol that the authors helped design, this
book presents the methodology that was followed from its



design to its evaluation. The authors outline the questions
and motivations involved in their functional requirement-
based design approach to be met through the protocol. A
description of the analyses carried out to understand the
operation of the protocol, its properties as well as its
performance for target applications is proposed in the
various chapters of the book. The latter concludes with the
prospect of integrating components managed by a protocol
based on ad hoc communications into a global
telecommunications infrastructure for the road.

It is aimed in particular at students and researchers who
are beginning in the fields of protocol engineering, ad hoc
networks or intelligent transport systems. Nevertheless, it
can provide specialists in the field with another point of
view on the scientific literature related to these fields, or
even concrete tools for developing their own design and
evaluation methods of communication protocols for
different networks.



Book organization

The book was written by the two authors based on
summaries of scientific studies, activity reports,
translations of scientific articles, all reorganized and often
rewritten in order to ensure coherence in the work. It
consists of approximately 250 pages organized into six
chapters.

Chapter 1, entitled “Challenges Involving Ad Hoc
Communications on the Road”, can be seen as a general
introduction to the book. The idea is to briefly expose the
evolution of road communications by addressing all
aspects: traffic, protocols, applications and security.

Chapter 2, entitled “Functional Approach to Protocol
Design”, describes the functional approach to protocol
design based on a protocol proposed as a case study for the
purposes of analyzing and illustrating the design methods
from the functional and performance evaluation
requirements followed in this approach. The design and
evaluation steps of the case study protocol are described
and justified step by step, accompanied by resources in the
literature so that the reader’s documentation can be
broadened.

Chapter 3, entitled “Models and Simulations for
Performance Analysis”, presents a series of models and
simulation tools for protocol performance analysis. Most of
the factors affecting communications such as mobility,
propagation phenomena, communication technologies as
well as the metrics employed for performance analysis are
explained. The corresponding models as well as their
implementation in the various simulation tools are
illustrated in as much detail as possible.

Chapter 4, entitled “Performance Evaluation of the Protocol
for Collaborative Applications”, provides several sets of



evaluations that include the case study protocol alone to
measure its intrinsic performance, and then by comparison
with other routing protocols in the literature representing
the main approaches adopted in ad hoc networks. A second
set of evaluations provides a performance analysis of the
case study protocol for a variety of applications, in
particular for two cooperative applications, namely, ego-
localization and extended perception. In addition to the
description of the various protocols and applications, the
reader will find the steps involved in their implementation
in the simulators as well as the results of the comparisons
made.

Chapter 5, entitled “Formal Model for the Analysis of the
Properties of the Protocol”, proposes an alternative
approach based on formal modeling for designing and
evaluating the protocol, no longer essentially from the
performance point of view, but rather on its intrinsic
properties, in particular with the aim of showing the
guarantees it can provide under well-identified
assumptions. The analysis of the case study protocol is
proposed with the Event-B method and each modeling, the
verification and animation steps of the model are illustrated
by extracts of the model from the tool that was used,
namely, Rodin in these cases.

Chapter 6, entitled “Integration of Ad Hoc Components in a
Global Infrastructure”, lists the perspectives that our work
has opened by federating them around the idea of a shared
infrastructure of communications networks for the future
land transport system that would integrate road and rail.
The authors highlight in particular the integration of
vehicle-to-vehicle (V2V) communications as a native
communication mode of the future technology, in this case
5G, and analyze the consequences of this major evolution
on the design and evaluation methods of ad hoc
communication protocols in the near future.
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1
Challenges Involving Ad Hoc
Communications on the Road

1.1. Introduction

With the arrival of two key innovations that will
revolutionize communications in future transportation
systems, we felt it was the perfect time to present a
summary of our research work, which for the most part has
been collaboratively achieved over nearly a decade.

The first innovation is the fully autonomous vehicle
equipped with a hyperconnected on-board computer and
whose operation on the roads is scheduled for the near
future. Initiated in the 1970s for guided public transport, in
particular with the VAL metro in the region Hauts-de-
France in France, the use of communications and
autonomous vehicles has gradually expanded and increased
in land transport. For example, in the 2000s, mobile
communications (Global System for Mobile
communications-Railway (GSM-R)) were introduced into
the European Rail Traffic Management System (ERTMYS),
which made it possible to harmonize and streamline high-
speed train traffic across Europe. Advances in automation
and localization have enabled the Société nationale des
chemins de fer francais (SNCF) to forecast the autonomous
freight train for the end of 2021 and to effectively start
testing on rails in early 2022, including the autonomous
regional passenger train. In addition, driver-assistance
applications initially, offered to drivers through
unconnected devices (navigation, hazard warning, etc.),
have evolved into connected versions available on



smartphones before being fully integrated into the now
connected on-board computers of vehicles, including their
cooperative versions. In parallel with this increasing
connectivity, improvements in sensing systems and
autonomous driving systems have made it possible to
improve driving automation to the levels currently
observed in some vehicle models. Following this
perspective of full driving automation, safety
considerations have been increased and, consequently,
must be inevitably applied to the communication system
that plays a crucial role in the operation of many of these
applications for the vehicular context. Communication
systems for the transport of the future will therefore need
to clearly integrate both the autonomous vehicle and the
ability to support all essential functionalities for the remote
control of a vehicle, including that initially driven by a
human (as for example in a distressful situation).

The second innovation is 5G technology, whose deployment
in France is already effective at the time of writing. It
completes the convergence of communications, in
particular by integrating the Internet of Things (IoT) into
the long list of devices already brought together by 4G
through all-IP. In terms of access, 5G assimilates all modes
of communication, especially those concerning vehicles,
namely vehicle-to-infrastructure (V2I) and vehicle-to-
vehicle (V2V), while providing very low latency and many
other performances at levels largely adapted to vehicular
communications. In terms of the organization of access and
the core of the network, 5G incorporates most of the recent
innovations, resulting in particular from the diversification
of access (frequency extension and pooling), the
softwarization of radio and network operations (Software-
Defined Radio and Software-Defined Network, respectively)
and the virtualization of network-related functions
(Network Function Virtualization) through transferring



most of the transfer operations of specific hardware
devices to virtual machines, especially in the cloud.
Combined with paradigms such as edge computing, fog
computing and named data networking (NDN), 5G should
enable much faster access to data as close as possible to its
use, which represents a clear advantage for vehicular
applications, most of which require very high
responsiveness. This very wide variety of applications
presuppose that 5G could soon become a mobile
communication system for all smart city applications, and
consequently for communications in land transport
systems. Therefore, the communication systems for the
transport of the future need to be rethought by taking into
account the drastic changes that 5G will bring and whose
major impact on the design and evaluation of these systems
is foreseeable.

1.2. The railway experience in the
vehicular networks of the future

In rail transport, most particularly, the question of the
future communication system arises more urgently due to
the obsolescence and the forecast end of the maintenance
of GSM-R technology. The adoption of GSM-R as a
telecommunications subsystem of the ERTMS had been
validated following several years of measurement
campaigns and on-site tests that could not be replicated
today for cost reasons. Several research projects have
proposed solutions for performing simulation-based
evaluations of alternative communications technologies to
GSM-R, taking into account elements of the railway context
likely to affect communications (tracks, train movements,
interchanged traffic, etc.) (Sondi et al. 2017). Similar
solutions have been used to evaluate other communication
technologies as potential candidates to replace GSM-R,



including Wimax (Pinedo et al. 2015), LTE (Sniady and
Soler 2014) and 5G (Ai et al. 2020).

Rail infrastructure provides the first model for large-scale
deployment, compared to the underground, which often
finds itself limited to the city scale, of a communication
system that allows the use of fully autonomous vehicles in
land transport in Europe in the short term. The
harmonization already undertaken at the European level
between the various national rail traffic management
systems reinforces the idea that rail can be the ideal
support model for the development of communication
systems for all future land transport in Europe. It is a
foundation that must nevertheless be observed through its
successes, but also through its pitfalls, while considering
its specificities to avoid biases in the conclusions to be
drawn for future systems intended for all land transport.
Just to mention a few of the most important aspects, we
should consider the following:

- The dedicated nature of the railway infrastructure
which currently circumscribes both the scope of
investments, the investor and the beneficiary. It is a
different matter when it comes to a future global
infrastructure for all land transport. For example, even
if it could have happened, financing the deployment of
GSM-R base stations in a white zone today at a loss is
already an issue if there is a safety issue for a few
trains crossing it. It is not clear that in the future
operators would deploy a similar infrastructure for
motorists on roads in sparsely populated areas where it
would not otherwise be profitable. The design of a
comprehensive infrastructure will need to address this
aspect.

- State hegemony over a railway operator that facilitates
local decisions within each state and consequently
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