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“Toda idea nueva pasa inevitablemente por tres
fases: primero es ridicula, después es peligrosa,
y después... jtodos la sabian!”

Henry George Bohn






Abstract

Vehicular Ad-hoc Networks (VANETS) have been receiving a growiesgarch
interest from both the Academia and the Industry, due to the potential tsenefi
provided by the broad range of applications that might be derived frem tise.
VANETS use wireless communications in which the information can be transmit-
ted among vehicles (V2V) or among vehicles and road infrastructure .(VRis
technology paves the way for future Intelligent Transportation Systeifs) (|
which integrate advanced information, communication and control technslogie
to bring major improvements to the existing transportation network, like vehicle
traffic control or driver information systems.

One of the most promising benefits of vehicular communications is the improve-
ment of traffic safety. Cooperative Collision Avoidance (CCA) applicatiare a
new emerging means of reducing the number of accidents on the roadvigipgo
cars with collaborative communication capabilities, thus allowing them to better
react against possible accident risks. However, to design and implengngp-
plications, a deep understanding of the vehicle collision process is neétied
influence of different driving parameters on the collision event mustsbessed

at an early design stage to develop applications that can timely adapt vehicle d
namics to avoid or at least mitigate the danger. In this context, this thesis tresen
and evaluates a novel stochastic model that enables the computation oéthe av
age number of collisions that occur in a platoon of vehicles driving in a siagle
road. At the same time, the model allows to study the effect of differenindriv
parameters (inter-vehicle distance, driver reaction time, braking datielgretc.)

on the collision process.

Next, we focus on the efficiency and reliability of emergency messagesagae
tion, which should reach all the vehicles within a certain areain a limited time. The



delivery of these geographically-addressed messages is perfogniad GeoN-
etworkingprotocol, which uses a forwarding mechanism to route packets through
intermediate nodes until reaching the destination. We assess hedssalayer
techniques, allowing the exchange of information between the differentren
nication layers, can help to improve the operation of GeoNetworking by optimiz-
ing the forwarding algorithm in use. We finally provide a survey and coatjyar
evaluation of the most relevant proposals in the context of vehicularcemaints,
focusing on the particular cases involving the MAC (Medium Access Chranal
network layers.



Resumen

Las redes ad hoc vehiculares (VANETS) comprenden un campo ddiga@én

gue esta recibiendo un creciente interés tanto por parte de la industria como e
el @mbito académico, debido a las ventajas que proporcionaria la grasi-dive
dad de aplicaciones que se pueden derivar de su uso. Las VANETantliz
municaciones inalambricas en las que la informacion se puede transmitir entre
vehiculos (vehicle-to-vehicle, V2V) o entre vehiculos e infraestrustdeacarre-

tera (vehicle-to-infrastructure, V2I). Estas tecnologias constituyelala de los
futuros Sistemas de Transporte Inteligente (ITS), los cuales integraerddés
sistemas y tecnologias para mejorar distintos aspectos del transporteeeal,gen

como el control del transito o los sistemas de informacion a los conductores.

Uno de los beneficios mas importantes de las comunicaciones entre vehgulos e
la mejora de la seguridad vial. Las aplicaciones para evitar colisiones ma for
cooperativa (Cooperative Collision Avoidance, CCA) se presentardecm méto-

do novedoso para reducir el nGmero de accidentes en la carretgraygonando

a los vehiculos capacidades de comunicacion cooperativa, de tal ngaleesaan
capaces de reaccionar coordinadamente ante posibles riesgos dmi@ccgin
embargo, para disefiar e implementar este tipo de aplicaciones se necediga estu
en profundidad el proceso de colision de un vehiculo y conocer la ntiaele

los diferentes parametros de la conduccion en el origen de las coliskstess-
tudio se debe llevar a cabo en una etapa previa al desarrollo de aplesagoa
pretendan adaptar a tiempo la dinamica de los vehiculos para evitar las cslisione
0 al menos mitigar sus efectos. En este contexto, en esta tesis doctoeseaatgr

y evalla exhaustivamente un modelo estocastico novedoso que permitarcalcu
el porcentaje medio de vehiculos accidentados en una cadena de \&lgjicelo
circulan en una carretera de una sola direccién con un solo carril, perdates-
tudiar el efecto que tienen los diferentes parametros de la conducciéem(uis



intervehicular, tiempo de reaccioén del conductor, deceleracién dadegetc.) en
el proceso de colision de un vehiculo.

Continuamos nuestra investigacion con el estudio de la eficiencia y fiabilidad e
propagacion de mensajes de emergencia, que deben alcanzar a tegb$dols

en el rango de transmision y tiene que difundirse en un tiempo acotado @a-un co
junto de vehiculos que se encuentran dentro de un area determinadandrair
sion de estos mensajes con un destino geografico se realiza mediante@lpro
GeoNetworkingque utiliza un mecanismo de retransmisién para enviar los paque-
tes através de nodos intermedios hasta alcanzar el destino. En estdudssers
cémo las técnicas dgoss-layer que permiten el intercambio de informacion en-
tre las diferentes capas de comunicacion, pueden mejorar el funcionardén
GeoNetworking optimizando el algoritmo de retransmision utilizado. Finalmente,
presentamos un trabajo de revision y una evaluacion comparativa derlassec
de cross-layer mas relevantes en el contexto de las redes vehiccdarted&ndonos

en particular en las técnicas relativas a las capas de control de atcasdiay

de red.
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Introduction

1.1 Introduction

Nowadays, mobility and transport have become essential aspects afoietlys almost every-
body has a car these days. Beyond a doubt, all of us have expefibacey stuck in heavy
traffic, wasting our time and energy resources. The infographic in &gy from the Na-
tionwide Insuranceq], showcases the real cost of traffic jams in the United States. It shows
that 1.9 billion gallon$ of fuel are wasted annually in traffic jams and an average commuter
is stuck in traffic 34 hours per year at a total personal expense &. $¥bre importantly,
traffic accidents have traditionally been responsible for one of worldlsdst death rates. The
European Commission’s Directorate General for Mobility and Transgpprpvides an estim-
ation of road fatalities in the European Union since 2001 (Figue In the last year, even
following a descending trend, near 30,000 people died on the roads &uttepean Union,
which is equivalent to a medium town. Moreover, for every death onf@gisaoads there are

an estimated 4 permanently disabling injuries, such as damage to the brainarcgpi) 8
serious injuries and 50 minor injuries.

It is for that reason that Vehicular Ad-hoc Networks (VANETS) haeedme an extensive
area of research, standardization, and development, which is bringita aetelution to the
driving experience. For several decades, researchers amtkergyfrom all over the world
have been interested on the idea of vehicles being “inter-connectedigthrireless commu-
nications. Though the initial motivation behind inter-vehicle communications wekitease
safety on the roads, more recently its use has been extended to a lairgisrofeapplications,
ranging from dynamic vehicle routing to downloading on-demand video.

11 galon = 3,78541178 litres
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THE REAL COST orF TRAFFIC JAMS  [[Natiomwide’

Insurance

iis: TRAVEL TRENDS
THE STATE orF THE INTERSTATE = Average hours of freeway congestion per day
= If placed end-to-end, the public U.S. 6
roadways would stretch 4 million miles-

20m
long enough to circle the Earth 160 times. 5 =
2009
= The US. collectively drives about —
~ 3 trillion miles annually—a spaceship 4 2007
traveling at the speed of light would take —

about 6 months to cover the same distance.

concesTion: DRIVING FAST in THE SLOW LANE

THE BOTTOM LINE: CONGESTION COSTS MONEY

Traffic jams don't just make you late, they cost you money. According to the Texas
s Transportation Institute, each hour stuck in traffic costs about $21 in wasted time
Top 5 Most Congested Urban Areas in the U.S. and fuel. Here’s a look at the real cost of traffic congestion:
Average hours of annual delay per commuter

COUNTRY-WIDE COST OF CONGESTION

1.9 billion gallons of fuel

g 3 x were wasted due to road

9 < S B congestion - more than five

2 ~ - e Z days' worth of the total dally

S = 2 = 2 fuel consumption in the

2 S & < 5 United States.

ﬁ 8 ﬁ ‘g’ 3 The average urban

H 5] s £ 2 commuter is stuck in
traffic for 34 hours

every year.
) D IO B ) Yo
TRAVEL TIP figisge 35555559959

That’s longer than it
would take to drive from
\ Bangor, Maine, to Key

West, Florida.

The average yearly cost to each
driver is $713 - more than a week’s
wages for the average American.

‘When planning a road trip, try to avoid urban areas during peak travel times.
‘You may save hours by driving a few miles out of your way to avoid a big city.

CAUSES or ROAD CONGESTION

= Bottlenecks a0% (N @EEDEEIEEDED ~ TRAVEL TIP o

= , Peak travel time and rush hour mean the same thing: try to stay off of major
4 Traffic incidents 25% -.'l(l)m highways or consider taking public transpertation from 7:00-10:00 a.m. and
4:00-7:00 p.m. during the week to avoid 60 percent of road congestion.
“ Bad weather 15% (DO
A Work zones 10% @D
§f Poor traffic signal timing 5% (D .
+ Special events/other 5% m P el 2309/
http#/ops thwa.dot.gov/congestion_report/
p (opsfhwa dot
http:/mobility.tamu.edu/ums/
TRAVEL TIP spkise httptl x
. p: :_nat,
Traffic gets progressively worse from Monday Congestion usually takes +FL 16884 5
to Friday. Saturdays and Sundays typically a dip during the hotter 16275,
have less delay than any weekday, so plan

F 3dq-nseg. HRIDFeO0Z
months, so start planning 3L-nOPwAt=hamra=isaz=5

trips during the weekend when possible. that summer road trip.

hUp//205.254.135.7/to0ls/Taqs/ag. cimPid=2381=10

Figure 1.1: Infographic showing the real cost of traffic jams in the Udiftates.

In this thesis we focus on the evaluation of road safety and the potential\uerpemts
brought by inter-vehicular communications. More specifically, on the @ma kve study the
Cooperative Collision Avoidance (CCA) applications and on the other handvaluate dif-
ferent broadcasting protocols and study their characteristics for ficeerf transmission of
emergency warning messages. Next, we briefly review the evolution oB#ANhrough last

decades, and then we thoroughly explain the two research lines deyé@habés thesis.
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Figure 1.2: Road fatalities in the EU since 2001.

1.2 Overview on Vehicular Ad-hoc Networks

The idea of inter-vehicle communications has been proposed and studiesl/éval decades.
As mentioned in§7] the basic concepts of roadway automation, i.e., the use of communication
and control techniques to make road traffic safe, efficient, and emgotally friendly, were
exhibited at the 1939 New York World’s Fair. In his Futurama exhibit, spatsby the Gen-
eral Motors Corporation, Bel Geddes sketched an automated highwsgnsyhat is focused
on safety, comfort, speed and econongy]| illustrating how future transportation systems
may look like 20 years into the future. Later, since at least the late 196(s)| aadio-based
“roadway automation” systems were developed and demonstrated.

The first major project focused on wireless vehicular connectivity vR& & (Electronic
Route Guidance System), sponsored by the U.S. Federal Highway Admtiioistin 1970.
The research was aimed at providing drivers with in-vehicle directionalagice based on
the desired origin-destination trip pla@g]. In 1971, the government quickly abandoned this
project owing to the expensive roadside infrastructure.

In Japan, the Comprehensive Automobile Traffic Control System (CA@$@ct was car-
ried out from 1973 to 1979 by the Agency of Industrial Science andhf@ogy of the Min-
istry of International Trade and Industry (MITI). The objectives of tiroject, as presented
by Kawashima 79|, were to reduce road traffic congestion and exhaust fumes, avdiid tra
accidents, and enhance the public and social role of automobiles.
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In the following decades, different research activities were initiated nofg®&) Japan and
the United States. In 1987, the European Commission funded the EureRdFPREEUS Pro-
ject (PROgraMme for an European Traffic of Highest Efficiency amprdcedented Safety,
1987-1995), which aimed to create concepts and solutions for a rofid sygtem more ef-
ficient and less detrimental to the environment and to guarantee an utgnéag degree of
safety. The achievements of PROMETHEUS were the basis for mostcdrgework on
driverless cars. In 1997, the California Partners for Advancedsprart and Highways (PATH)
demonstrated a prototype for cooperative autonomous driving at th®iggon demo. The
Advanced Safety Vehicle (ASV1) programme was coordinated by then@apavinistry of
Transport and carried out from 1991 to 1996. The aim of the programaseto develop
methods and devices to improve the safety of the transportation system. Bzanede auto-
mobile manufacturers, like Mitsubishi, Nissan, and Toyota, among othetgipated in the
programme and developed demonstration vehicles.

The focus then shifted from cooperative autonomous driving to catigerdriver assist-
ance systems. Following this trend, the U.S. Department of Transportatiom)(aunched
the Intelligent Vehicle Initiative (1VI) in 1997, focusing on preventing higgwerashes and the
fatalities and injuries they caus@9. In Europe, the CarTalky] and FleetNet projectssp]
investigated technologies and applications for cooperative drivetassés aiming to improve
the driver’s and passengers’ safety and comfort.

In 1999, the U.S. Federal Communication Commission (FCC) allocated 75 Mit¥- ba
width of the 5.9 GHz band to Dedicated Short-Range Communications (DSRE&}; signi-
ficantly impacted subsequent research projects. These studies pugmnmuinasis on the evalu-
ation of architecture and protocol related issues. In 2001, the Stan@Gardmittee E-17.51 of
the American Society for Testing and Materials (ASTM) selected IEEE 8@2a$Xhe under-
lying radio technology for DSRC. In 2004, the Institute of Electrical andt&tmics Engineers
(IEEE) started the work on the 802.11p amendment and Wireless Acceskicular Environ-
ments (WAVE), finally approved in 2010. 167] a detailed chart summarizing project activities
until 2010 can be found, including consortia such as the Car-to-Car Camations Consor-
tium (C2C-CC) P] sponsored by the European Union, the Vehicle Infrastructure latiegr
(V1) in the U.S. (which was rebranded &#telliDrive and it is now name@onnected Vehicle
Researctprogram B]), and the Advanced Safety Vehicle Program (ASY))ih Japan, which

is currently in its fifth phase.



1.2 Overview on Vehicular Ad-hoc Networks

Recently, there is a growing interest to foster cooperative internatiesaarch in the field
of ITS and to support international harmonization of standards. Caateimresearch can sup-
port and accelerate the deployment and adoption of cooperative veligtems and prevent
the development and adoption of redundant standards, providing s@gnifiost savings. Thus,
in January 2009, the U.S. DOT Research and Innovative Technoldgyirstration (RITA)
and the European Commission Directorate General for Communication NetwOdntent
and Technology (CONNECT) signed an Implementing Arrangement to deweslordinated
research programs, specifically focusing on cooperative vehidlersgs Representatives from
the Japanese Ministry of Land, Infrastructure, Transportation andsfo participate in these
groups as official observerg(.

Even though VANETSs are a kind of wireless ad-hoc networks, they s@awee unique char-
acteristics which make them different from MANETs and bring up many chgilig) research
issues. Next we proceed to describe these particular characteristitednondamental aspects
of VANETS.

1.2.1 Challenges and requirements

The technical implementation of VANETS is not as straightforward as one rthgik. In-
deed, inter-vehicle communication networks are challenged by severasiaad requirements,
which exist either due to the intrinsic characteristics of the considerecsoeor due to the
fact that a communication technology not specifically designed for thisamient has been
selected. As Hartenstein and Laberteaux outline in their b®dkthe key technical and socio-
economic challenges include the following issues:

e Inherent characteristics of the radio channel. VANET present scenarios with unfa-
vorable characteristics for developing wireless communications, i.e., multipgetreg
objects able to degrade the strength and quality of the received signatioiddy, ow-
ing to the mobility of the surrounding objects and/or the sender and re¢bemiselves,
fading effects have to be taken into account.

e Lack of an online centralized management and coordination entity. The fair and
efficient use of the available bandwidth of the wireless channel is a hsltdta totally
decentralized and self-organizing network. The lack of an entity ablertohsgnize
and manage the transmission events of the different nodes might resulsmeffieient
usage of the channel and in a large number of packet collisions.
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e High mobility, scalability requirements, and the wide variety of environmental con-
ditions. The challenges of a decentralized self-organizing network are particsieess-
ed by the high speeds that nodes in VANET can experience. Their higiitmplkesents
a challenge to most iterative optimization algorithms aimed at making better use of the
channel bandwidth or the use of predefined routes to forward informatio

e Security and privacy needs and concernsThere is a challenge in balancing security
and privacy needs. On the one hand, the receivers want to makehsiirdhey can
trust the source of information. On the other hand, the availability of sush tnight
contradict the privacy requirements of a sender.

e Standardization versus flexibility. Without any doubt, there is a need for standardiz-
ing communications to allow VANET to work across the various makes and $rmaind
original equipment manufacturers (OEMSs). Yet, it is likely that OEMs will wancre-
ate some product differentiation with their VANET assets. These goal®areveghat in
tension.

e Analyzing and quantifying the benefit of VANET for traffic safety and transport
efficiency. So far, relatively little work has been done to assess the impact of VANET
as a new source of information on driving behavior. Clearly, the agsactdallenge in
addressing the issue of impact assessment is the modelling of the related flagtoan
aspects.

e Analyzing and quantifying the cost-benefit relationship of VANET. Because of the
lack of studies on the benefits of VANET, a cost-benefit analysis catiyhlae done.

e Designing deployment/penetration strategies for this type of VANE that are not
based on a single infrastructure and/or service provider. Owing to the “network
effect”, there is the challenge of convincing early adopters to buy VANEUipment

when they will rarely find a communication partner.

e Embedding VANET inintelligent transportation systems architectures. VANET will
be a part of an intelligent transportation system where other elementyvandyyitraffic-
light control or variable message signs. Also public and individual tramafon have
to be taken into account in a joint fashion. Therefore, truly cooperatigseems need to
be developed.
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It is not the solution of each requirement or challenge alone, but the catidrnof all
of them, which actually poses a big challenge for the design of an optimal solufibis
combination turns the field of vehicular inter-networking technologies intotendisciplinary
research area, in the cross section of communication and networking)@tiv®e electronics,
road operation and management, and information and service provisioning.

1.2.2 Applications of VANETS

VANETSs can enable a wide variety of applications. This diversity makesstesatic liter-
ature review very difficult. Several surveys on inter-vehicle communicatan be found in
which the potential applications are classified regarding different isJinesmost typical way
of categorizing the upcoming VANETS applications is according to the utilityredfd¢o the
passengers, as i3], 68, 87, 107. For instance, in§8] the applications are categorized as
safety, transport efficiency and information/entertainment, whil81hthey are classified into
collision warning systems, collision avoidance or vehicle automation.10d]] a complete
overview of applications for VANETS is provided, which can be summaraefbllows:

1. Active safety: considered as the typical and most desirable group of applications for
VANETSs with direct impact on road safety. The basic intention is to make dyisafer
by communication, which can mean that drivers are warned about ardalsgatuation
or even that the vehicle can try to avoid an accident or react apprdpritign acci-
dent cannot be avoided anymore. Active safety applications can lgodatd as well,
according to the danger level.

e Dangerous road features: curve speed warning, low bridge wamarging about
violated traffic lights or stop signals.

e Abnormal traffic and road conditions: vehicle-based road conditioniwgy infra-

structure based road condition warning, visibility enhancer, work zaraing.

e Danger of collision: blind spot warning, lane change warning, intersectidision
warning, forward/rear collision warning, emergency electronic brakedjgrail

collision warning, warning about pedestrians crossing.
e Crash imminent: pre-crash sensing.

e Incident occurred: post-crash warning, breakdown warning, S&d&ce.
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2. Public service: vehicular networks are also intended to support the work of public ser-

vice such as police or emergency recovery units.
e Emergency response: approaching emergency vehicle warning,amgngehicle
signal preemption, emergency vehicle at scene warning.
e Support for authorities: electronic license plate, electronic driversdievehicle

safety inspection, stolen vehicles tracking.

3. Improved driving: applications that try to improve or simplify driving by means of

communication.
e Enhanced Driving: highway merge assistant, left turn assistant, catomeadapt-
ive cruise control, cooperative glare reduction.

e Traffic Efficiency: notification of crash or road surface conditionsti@tic opera-
tion center, intelligent traffic flow control, enhanced route guidance awxigation,
map download/update, parking spot locator service.

4. Business/entertainment:a large block of applications can be embraced under this cat-
egory, focusing on delivering services to customers, automation ofleefeilated tasks
or payment applications.

¢ \ehicle Maintenance: wireless diagnostics, software update/flashifedy sacall
notice, just-in-time repair notification.

e Mobile Services: internet service provisioning, instant messaging, pbinterest
notification.

e Enterprise solutions: fleet management, rental car processing, @essaontrol,
hazardous material cargo tracking.

e E-Payment: toll collection, parking payment, gas payment.

On the other hand, an interesting approach is also followed by Wéllka. [120, which
separate applications by communication paradigm, constructing the followiogdany:

e General Information Serviceservices for which delayed or lost information does not
compromise safety or render application useless.

10
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e \ehicle Safety Information Serviceservices for which delayed information may result
in compromised safety or render application useless.

¢ Individual Motion Control applications that issue operator warnings or regulate local
vehicle actuators to ensure safe and/or efficient operation.

e Group Motion Contral vehicle motion planning involving global optimizations or nego-
tiations and that may or may not involve group motion regulation.

1.2.3 The IEEE 802.11p standard

This section provides a brief overview of the IEEE 802.11p standartMogless Access in
Vehicular Environments (WAVE)[3]. This amendment extends the IEEE 802.14] standard
for Wireless Local Area Networks (WLANS), taking into account thetipatar characteristics
of vehicle-to-vehicle communications: high relative velocities between nathest duration
of connections, constant handovers and/or signal attenuation losses.

The first version of the IEEE 802.11 standard was published in 199fjrethe Medium
Access Control (MAC) and several physical layer (PHY) specificatfonwireless connectiv-
ity for fixed, portable and moving stations within a local area. Over the ybarstandard
has continuously been developed, so that numerous amendments havadsted in order
to extend the functionality, support advanced transmission techniquesigimer data rates,
and operate in several frequency bands. These amendments wergadgd in one version to
form the up-to-date standard IEEE 802.11-201€,[including the latest version of the IEEE
802.11p standardLB], which was approved by the IEEE on June 2010. It is strictly a MAC
and PHY levels standard, while the IEEE 1609 standard fam#y ¢ontains the necessary
procedures for the upper layers.

The original IEEE 802.11 provided two different approaches for nradcagcess control:
Point Coordination Function (PCF), that is only applicable if a centraldinating station like
an access point is available, and Distributed Coordination Function (@Hnportant aspect
for vehicular communications concerning safety is the prioritization of impodadttime-
critical messages over the ones that do not directly concern safetyefotes IEEE 802.11p
specifically adapts the Enhanced Distributed Channel Access (ED@ginally proposed in
the IEEE 802.11e amendmeititl], introducing Quality of Service (QoS) support. The medium
access rules defined by the DCF are replaced by the ones of EDCFe f@lie different Access
Categories (AC) are defined. Each frame is assigned one of the faaiby@he application

11
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Figure 1.3: Basic access mechanism for CSMA/CA.

creating the message, depending on the importance and urgency of itstcdntsummarize,
frames corresponding to AC 0 have regular access, AC 1 is foreseanri-prior background
traffic, and ACs 2 and 3 are reserved for prioritized messages, likeatsafety warnings.

For the medium access the standard employs Carrier Sense Multiple Adtie&ollision
Avoidance (CSMAJ/CA), that is, the channel is only accessed if the paykger does not
observe any ongoing activity on it and collision avoidance is providedelgral additional
technologies on the MAC layer. CSMA/CA uses Inter-Frame Spaces)(IR@gh are time
durations that the medium has to be indicated as idle before the station may tratis3sit.
of different length for different frame types allow prioritized accessr &ample, important
control packets such as acknowledgments are sent after a ShorFtatee Space (SIFS),
whereas regular data packets are not transmitted before the mediumnsasd sdle for the
duration of a Distributed IFS (DIFS), that exceeds the length of SIFS bystwcalled slot
times.

The basic access mechanism is illustrated in FiduBe A node willing to transmit will
sense the medium, and if the medium is idle for a period greater than or equal ¢orties-
ponding IFS, the node starts transmitting directly. In the case where the medilatermined
busy, the station selects a random number of backoff slots within a certage,rthe Con-
tention Window (CW). The slots are counted down after the medium wasdéafisdor the
duration of an IFS; the countdown is interrupted whenever the medium isvde&sl busy.
When the countdown reaches zero, if the medium is sensed to be idle,feif&ransmitted
immediately, but if the medium becomes busy, the node will go to backoff agaihelcase of
unicast packets for which no acknowledgment is received, a retrasismis scheduled after

1This picture was extracted from the standak]]
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1.3 Cooperative Collision Avoidance applications

a newly selected number of backoff slots under the use of an incred¥gdl@ch is known as
Binary Exponential Backoff (BEB). Retransmission and CW limits are ddfihat restrict the
number of transmission retries.

In EDCA, the Arbitration Inter-Frame Space Number (AIFSN) replacedfiiesl DIFS
time defined for the DCF, and determine the number of time slots during which #meh
has to be sensed idle in order to enter the channel contention phasegfitine use of small
AIFSNs and small contention window sizes for high priority ACs, packetskikng to this
category have a higher chance to gain access to the channel earlipatihats that belong to
a category that employs longer inter-frame spaces and larger contermidovwsizes.

For a deeper background, please refe6ig [5, 90] or the standard itselfl[3].

1.3 Cooperative Collision Avoidance applications

While different factors contribute to vehicle crashes, such as vehiclbanemal problems and
bad weather, driver behavior, such as tiredness, over speedingnien driving, is considered
to be the leading causes of road accidents. The inability of drivers tbingame to emergency
situations often creates a potential for chain collisions, in which an initial callisgatween two
vehicles is followed by a series of collisions involving the following vehicles.

Without the use of communications, a driver typically relies on the tail brakéedighe car
immediately ahead to react to an emergency situation. In many cases, davect detect an
emergency event occurring at some distance ahead, which combined evitittithat drivers
usually choose to follow the vehicle ahead too closely, results in a late readticihe inability
to stop the vehicle without colliding with the preceding one. Driver reaction tiime fme
elapsed since the leading vehicle starts to brake and the following oneavesrdee change
and starts to brake itself) typically ranges from 0.75 to 1.5 secdrif}, [which at high speeds
results in a significant distance traveled before any reaction occudenke traffic, the effects
of cumulative reaction times, as one vehicle after another reacts to the vaheaed braking,
can further aggravate the situation.

With Cooperative Collision Avoidance (CCA) systems a fast disseminationaohing

messages to the vehicles in the platoon enables them to promptly react in etyesigeations,

as illustrated in Figuré.4. In this way the number of car accidents and the associated damage

can be significantly reduced.
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Warning messages

Emergency event

Figure 1.4: lllustration of Cooperative Collision Avoidance operatio

A reference work in the field of CCA applications 87, in which the authors demon-
strate how DSRC-based wireless communication protocols can be use& fdewblopment
of such an application for enhancing highway traffic safety. Theygmtes class of example
context-aware packet forwarding protocols to demonstrate their effeetss in designing a
CCA application for intra-platoon scenarios.

In [32], the mechanism of CCA is explained depicting a three-car highway platoon e
ample. Basically, the vehicles in the platoon are assumed to travel at cosystaat, when the
front car initiates an emergency deceleration as a result of an emergesy Upon meeting
the emergency event, the leading car starts sending collision warning res$eal cars be-
hind it. Since the identities of those prospective receivers may not berkagwiori, classical
unicast and multicast routing will not work. Therefore, the vehicle in thergermey situation
broadcasts a message first, and then all its recipients selectively fotlweardessage based
on its direction-of-arrival. To ensure a complete coverage within the platthe message
is transmitted over multiple hops. Upon reception of a warning message, e teacts by
decelerating, even if the brake light on the car ahead is not already lit.

As Biswaset al. [32] stated, the following design targets arise for a CCA system:

e Minimize the number of vehicles involved in intra-platoon chain collisions.
e Prioritize data from safety-related ITS applications over lower-prioriy &pplications.
e Limit vehicle collisions in the presence of radio channel errors.

CCA applications require timely communication of safety messages betweeregehith
high reliability, and the MAC protocol has a vital role to play. Therefore, ynasearchers
have focused their efforts on the development of adequate MAC pilstibcorder to improve
the efficiency of the emergency messages delivery, since the bas@aapgeads to the gen-
eration of a large number of messages, which literally flood the VANET, amdjé&meration

14
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1.4 GeoNetworking

of redundant messages (originated from different vehicles) pertpinithe same emergency
event. It is the case oflD7], which proposes a vehicle clusterization mechanism based on
different parameters such as speed and inter-vehicular distancé-awée MAC protocol is
also designed, in which an emergency level is assigned to every vehictediffdrent clusters,
and which is used to modulate backoff stages to keep priority differentiadrarritical applic-
ations. By combining random access protocols and topology-trangdgenithm, Farnoud
et al. [48] introduce a protocol based on constant-weight codes that is capablesoring
reliable broadcast in highly mobile networks while maintaining low delayl0t]the authors
propose an efficient multi-hop MAC-layer broadcast protocol for gi@ecy message dissem-
ination in VANETSs. They aim at lowering the contention delay incurred in aneih an effort
to allow significant reduction in the total broadcast delay. In addition to tregptbtocol relies
on control message exchange similar to request-to-send/clear-to-aedshiake to get rid of
the hidden terminal problem.

A different approach was adopted by Torrent-Morenal. [113], which proposed a distrib-
uted transmit power control method based on a distributed fair power adjusfoneehicular
environments, to control the load of periodic messages on the channelpropissal makes
use of the principles used i82] and further complements them with mechanisms that were
aimed at reducing dissemination delay and improving reliability, particularly in tingimnel
load conditions.

A thorough state of the art of existing broadcast schemes for VANEmseafound in

[100.

1.4 GeoNetworking

In conventional networking, an application does not care about thgrgglic location of
the physical devices with which it intends to communicate. Nevertheless,eanargber of
VANET applications are likely to involve the dissemination of information in a paldicgeo-
graphical region. When addressing a set of nodes in a specific aygugal area in an ad
hoc network of mobile devices which is continuously changing, an applicationld be more
concerned with the location rather than the identity of the physical devicegHhich the in-
formation is intended. In such dynamic situations, the conventional netwockingept of
preconfiguring a network path or set of paths from source to destirfgtiand subsequently
transmitting and attempting to forward packets along the path(s) will not sdicdderefore,
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a different type of routing method is required in order to cope with the VANMEBJYironment.
Researchers in projects such as CarTallapd FleetNet$2] have introduced and proposed the
use of position-based routing methods, which do not require maintenangetes and have
been proved to be particularly suitable for highly mobile netwotks]. A geo-dissemination
protocol called GeoNetworking is currently being specified by the Ewogelecommunica-
tions Standards Institute Technical Committee (ETSI TC) on ITS, which pesvitechanisms
for packet forwarding in an ad hoc collection of ITS stations. In suchaeisms, nodes are
addressed using not only their network addresses but also theiragcal positions, sup-
porting the communication among individual ITS stations as well as the distriboftjpackets
in geographical areas. The current set of ETSI standdrjsl7, 18, 19, 20, 21, 23] impose
GeoNetworking implementations in all ITS stations, as well as its use for comntiomsa
over 5.9 GHz in Europe, including periodic transmission of safety-relatessages, such as
Cooperative Awareness or Decentralized Environment Notification &¢ess(CAM/DENM).
Geo-dissemination of information was primarily investigated and initial concegits de-
veloped within the European research project GeoNet, whose fir@fispgon document]2]
constitutes the basis for the development of the standard GeoNetworlatacl In this

document, the following basic transmission modes are identified.

e GeoUnicast: refers to the routing protocol which, based on position and movement
information of involved nodes, routes data from a source to a destinatadmfoowhich
the exact geographical location is known (see Figui€a). This corresponds to point-
to-point scenario. GeoUnicast protocols use a forwarding mechanisout® packets
through intermediate nodes till reaching the destination location.

e GeoAnycast: refers to the routing protocol which, based on position and movement
information of involved nodes, routes data from a source to any nodebbedathin a
specific geographical area (see Figtrg(b). As GeoUnicast, GeoAnycast targets one
destination node, but not defined as destination in advance. In facteti@ation in
GeoAnycast is the first node reached in a specific geographical @hesefore, within
the GeoNet project, an adapted version of the GeoUnicast protocobdsfas GeoA-
nycast, where each node, when receiving a packet, first checks lbdated within the
destination geo-area or not. If it is, then it considers itself as destinatioenvase, if it
is the next forwarder, it forwards the packet towards the destinatem ar
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Figure 1.5: GeoNetworking transmission modes. The source, destimatid forwarder nodes are
marked with S, D and F, respectively. Geographical destinareas are depicted as blue circles.

e GeoBroadcast:refers to the routing protocol which, based on position and movement

information of involved nodes, delivers data from a source to all nod=gdd within

a specific geographical area (see Figl®&(c). In GeoBroadcast, the source node may
be located inside or outside of the targeted geo-area. If the sourcebrtmigys to the
destination geo-area, then the broadcast packet should be justasbadthis area. If

the source node does not belong to the destination geo-area, then kieé gfamuld be
forwarded until reaching a node which belongs to it, which takes careaadbasting

the packet to all nodes located within this area. Within GeoNet project, Gaa&his
used to reach the first node which belongs to the broadcast geaackethen, a simple
broadcast mechanism is used to deliver the packet to all nodes locateddedtination

geo-area.

e TopoBroadcast: refers to the routing protocol which, based on network topology in-
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formation, routes data from a source node to all nodes located up to ificsgetance

in terms of hops (see Figufie5(d). This corresponds to point-to-multipoint scenario.
In GeoNet project, a basic flooding mechanism is used to disseminate a#l npde a
desired hop distance.

As basic forwarding algorithms, the standard proposes Greedy FtinggiGF) and Con-
tention Based Forwarding (CBF). With the former, the router uses the locafiormation of
the destination carried in the packet header and selects the neighbour evimétiest geo-
graphical distance to the destination as the next hop, thus providing #esjrprogress when
the packet is forwarded. If no neighbour with greater progress tfatotal router exists, the
packet has reached a local minimum. In that case, a recovery precedst be performed in
order to make the packet progre§4 #].

With the CBF algorithm, the packet is broadcast and each receiver statdted whether
it becomes the next hop according to its position. Upon receiving a patdketceivers start
a timer whose timeout depends on the specific position of the receivetlyuswarsely pro-
portional to the distance to the source. Upon expiration of the timer, the reaf®adcasts the
packet. Before the timer expires, the node may receive a duplicate of ¢tketgeom another
node with a shorter timeout, i.e. with a smaller distance to the destination. In thjsltmeede
inspects its CBF packet buffer, stops the timer and removes the paaketfiloompared to the
GF algorithm, the major advantage of CBF is that it provides an implicit reliability @gism
at the cost of larger forwarding delay and additional processing rélkability mechanism en-
sures that a packet is re-forwarded by an alternative node if theetiiadly optimal forwarder
does not receive the packet, e.g. due to wireless link errors.

1.5 Main goals and contributions

Our main concern in this thesis is the evaluation of road safety and the potmartiifits that
inter-vehicular communications can entail. Of course, this research dbesver the entire
matter of how vehicular networks can make roads a bit safer, but merew agpects of
it. On the one hand, we analyze the use of CCA applications for reducingutimder of
accidents that take place in a platoon of vehicles driving in convoy, wihsoelden emergency
situation triggers a chain collision, likely involving a large number of vehiclesorder to
develop properly such applications, the influence of the differenirdriparameters on the
event of a vehicle collision must be assessed at an early design stagéati®imis the usual
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choice to evaluate these systems. However, it usually requires the intagrati@tworking

and traffic simulation tools, which is not mature yet and requires furthek yéd}. In addition

to that, available simulation tools are not directly suitable to model accidents arahsot be
effortlessly used for the design of cooperative applications. Themneiasthat current traffic
simulation tools are based on car-following mobility models, which are specifidallgloped
to avoid vehicle crashes and so cannot be seamlessly used to simulate taccidenefore,
the first goal of this thesis is the development of an analytical model to lokasse numerical
evaluation tool and as an alternative to simulation, specially at early stageselbpment.

In an initial stage, we developed a preliminary simple model to compute the aveeag
centage of collisions in a chain of vehicles driving in a single-lane roahdutld be noted that
the establishment of a CCA application will be deployed gradually, equippihiches with
the proper hardware and software so as they can communicate in ativefieay within the
vehicular environment. Therefore, it is highly convenient to study hovsyiséem of vehicles
in a platoon will behave at different stages of technology deployment fulitpenetration in
the market. We have developed a first approach mathematical model to calbelateerage
percentage of accidents in the platoon, varying the number of considenades, their average
speed, the average inter-vehicle spacing and the penetration ratio a€thé&eChnology.

Specifically when the CCA penetration ratio is taken into account, the growtle inutin-
ber of operations of the analytical model is such that the sequential caioputéa numerical
solution is no longer feasible. Consequently, we resorted to the use optre@MP paralleliza-
tion techniques for solving those computational cases considered gxroacipable by means
of sequential procedures. Additionally, we executed our programs BeheArabi Supercom-
puting environmentd], taking the advantage of utilizing the fourth fastest Supercomputer in
Spain. In the work presented i, it was shown how the parallelization techniques coordin-
ated with supercomputing resources make the simulation process a more santhbfficient
one, allowing a thorough evaluation of the CCA application.

Then we extended the stochastic model in order to represent the collisicgsgrin a more
realistic way, and we introduced variability on the model parameters to stuidyrtheéence on
collisions. In this second stage, we assume that all the vehicles in the plasoequéapped with
vehicular communications, since this assumption removes the dependendioof egoiations
on the preceding vehicles and facilitates the development of a stochastitanddies solution.

In the paper published irbp] the model is described in detail, and an evaluation of the in-
fluence of each kinematic parameter on the number of accidents is providedost relevant
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conclusion obtained from this study is that a great reduction in the numlaecafents can be
achieved by using a CCA application able to reduce the variability, randoratumey of the
different driving parameters. That is, an appropriately designedraat&al control system can
remove the stochastic variability of the parameters by taking control of cexspiects of the
driving process, such as the braking operation or reaction time.

In addition to the average number of collisions, the analytic model enablesrtiygutation
of the probabilities of the different ways in which the collisions may occuth lvehicles in
motion, one stopped and one in motion, etc. By assigning different degfessverity to
each collision possibility, detailed accident severity functions can be defi@m the other
hand, different probability distributions for the parameters (inter-vetdidéance, velocity,
driver reaction time, etc.) can be evaluated with the model, as well as diffemmunication
technologies, since the communication system has been abstracted aacierized by an
appropriate message notification delay.

To finish with this research line, in the paper published5],[ we propose the use of
the model as an alternative to simulation for the design and performancatwalaf CCA
applications. The validity of the model for evaluating such applications isstigveomparing
our results with other authors’ simulation results. Then, an evaluation @reliff types of
CCA applications in two scenarios, a freeway and an urban scenariovisied to exemplify
the use of the model at an early stage to shed relevant guidelines forsiige déthis kind of
applications.

Moving on to the second part of this thesis, many safety-related applic@tidifsNETs
require fast and reliable emergency message dissemination through muitidaalcast, reach-
ing all nodes within a certain geographical area. The delivery of thesgrgphically-addressed
messages is performed by the GeoNetworking protacdl [This protocol uses a forwarding
mechanism to route packets through intermediate nodes until reaching timatiles location
(or geo-area). As basic forwarding algorithms, the standard defiresd$ Forwarding (GF)
and Contention-Based Forwarding (CBF). As stated previously, CBfgdisome improve-
ments when compared to GF, like the implicit reliability mechanism it provides. Hemvev
it still has some drawbacks, such as the larger forwarding delay aritioaddl processing.
Our goal in the second part of this thesis is to investigate how cross-layeri¢eies allowing
the exchange of information between the MAC and Network layers can hétppi@mve the

operation of GeoNetworking by optimizing the forwarding algorithm in use.
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1.5 Main goals and contributions

As defined by the standard, CBF is completely implemented at the network taywever,
CBF might be also implemented directly at the MAC layer, in order to optimize its tpera
For instance, implementing CBF at MAC layer should result in lower latenayegorwarding
delay is removed and only access delay counts. In this thesis we provideey sind com-
parative evaluation of the most relevant MAC-Network cross-layepgsals in the context of
vehicular networks. We focus on contention-based MAC mechanismsifeless nodes. The
majority of them are based on the CSMA/CA mechanism, whose operation #odpence
can be controlled by several parameters, namely: contention window armom and de-
terministic carrier sense intervals as well as the probability distribution foradh&ention slots
selection. Overall, it results in multiple degrees of freedom to optimize the medioass
operation according to the most critical functionality offered by the netwa discuss both,
techniques specifically addressed to vehicular networks as well asatypnepose proposals,
which can be adapted to VANETS. For the evaluation, we focus on the mitisldfunctional-
ity, that is, the delivery of emergency messages to a particular location in roplisd¢enarios.
Thereby, we intend to define a baseline scenario and a comparison as fassible of the
performance of different proposals.

To summarize, the main contributions of this thesis are:

e The development of a stochastic model to compute the average number abuosliis
a chain of vehicles where a warning collision system is in operation and itsatialid
through Monte Carlo simulation$§.

e The use of parallelization techniques together with supercomputing resotaranake
the Monte Carlo simulation process a more suitable and efficientGin87).

e The use of the developed stochastic model as an effective alternatirautation for
the numerical evaluation of CCA mechanisrag][

e The illustration of the model capabilities as an assessment tool for CCA ajpiica
design p7].

e The elaboration of a survey and comparative evaluation of the most nelB/AC-
Network cross-layer proposals in the context of vehicular networka@rs).

e The unified formal description of the discussed techniques in terms of the tfwat
takes both the random and/or deterministic delays of the contention mechaatamiyn
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gualitatively describing the operation of the contention mechanism, but diswexg a

more precise mathematical description of it (Chapjer

e The proposal of a common framework for the analysis of the differemhtnigaes per-
formance in the baseline scenario and its validation through simulation. Unlike oth
analytical models developed to this purpose, the one presented here aaadin the
specific case in which each vehicle uses a different contention mechemeness the
channel (Chaptes).

e The evaluation of the different proposals for both ideal and realistites s, comparing

them with the basic CBF mechanism specified by the standard (CHgpter

1.5.1 List of publications
The work reported in this thesis is supported by the following publications.
International Journals indexed in the Journal Citation Reports with impact factor:

e Garcia-Costa, C; Egea-Lbopez, E.; Tomas-Gabarrdn, J.B.; Garcia-Haro, J.; Haas, Z.J
“A stochastic model for chain collisions of vehicles equipped with vehicudarrounic-
ations”, IEEE Transactions on Intelligent Transportation Systewad. 13, no. 2, pp.
503-518, June 201259

e Garcia-Costa, C; Egea-Lépez, E.; Garcia-Haro, J., “A Stochastic Model for Designing
and Evaluation of Chain Collision Avoidance Application3tansportation Research
Part C: Emerging Technologiesol. 30, pp. 126-142, May 201357]

International Conference Proceedings:

e Murcia-Hernandez, RGarcia-Costa, C; Toméas-Gabarron, J.B.; Egea-Lopez, E.; Gar-
cia Haro, J., “Parallelization of a mathematical model to evaluate a CCA application
for VANETS”, Proceedings of 1st International Conference on Simulation and Model-
ing Methodologies, Technologies and ApplicatioNsordwijkerhout, Holland, 29 July
2011. p2]

22



1.6 Methodology and schedule

e Garcia-Costa, C; Egea-Lo6pez, E.; Garcia-Haro, J., “MAC Contention Distributions for
Efficient Geo-routing in Vehicular NetworksRroceedings of 5th International Sym-
posium on Wireless Vehicular Communications: WIVEC 2@&sden, Germany, 2-3
June 2013.99

e Garcia-Costa, C; Egea-L0Opez, E.; Garcia-Haro, J., “A Stochastic Approach for \ehic
Safety Modeling in a Platoon of Vehicles Equipped with Vehicular Communicdtions
Proceedings of 15th International Conference on Transparent Optieaworks: ICTON
2013 Cartagena, Spain, 23-27 June 20EH] [

Book Chapters:

e Garcia-Costa, C; Tomas-Gabarron, J.B.; Egea-Lopez, E.; Garcia-Haro, J., “Sppedin
Up the Evaluation of a Mathematical Model for VANETs Using OpenM&mulation
and Modeling Methodologies, Technologies and Applications. Advandeseitigent
Systems and Computingpl. 197, pp. 23-37, 20136()]

Spanish Journals:

e Garcia-Costa, C; Egea-Lépez, E.; Garcia-Haro, J., “Desarrollo de un Modelo Es-
tocastico Para el Estudio de Accidentes en Cadevialpornadas de Introduccion a la
Investigacion de la UPCTTpp. 105-107, Abril 2012.55]

1.6 Methodology and schedule

Having studied Bachelor's and Master’s degrees in Mathematics, therafitha thesis lacked
the necessary background on the field of Telecommunications for its geveid. So, the first
months of work was devoted to acquire this background, which would ddugily consolid-
ated by means of constant work in this matter. To take advantage of this iotplidayrity, the
first step was to perform a literature review to identify the principal aspefc#\NETSs that
could be analyzed and optimized by applying mathematical tools. As it coulddeeted, this
study results in a very broad range of problems and approaches.

To be coherent with the ongoing research activities within the group, widettto focus
on the analytical modeling of chain collisions of vehicles, which was beingestuay Juan
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Bautista Tomas Gabarrén, who was simulating this scenario in the NCTUns tthetgst-
work simulator. The result of this cooperation was very satisfactory etetmhined the work
plan for the next two years. This has been reflected in the publication ojowvoal articles
and the presentation of other two works in international conferences.

All the experiments in this stage were led either by simulation and mathematical evalu-
ation. For the mathematical evaluations we chose to work with Matlab, mainly e cdiits
usability and the great support that this environment has in the scientific coitynior ad-
vanced mathematical evaluations. For simulation, as mentioned before, tHens@etwork
simulator was used.

As we deepened into the study of road safety, another problem startechtt aur atten-
tion: the promptness, efficiency and reliability of safety-related messaestission. So, we
begun to study the prioritization of relays based on the distance to the smdeend the use
of broadcast transmission models that do not rely on preconfigure@repaths to reach the
destination. Instead, each receiver participates in the next hop selpotioess and the for-
warding decision is based on the actual position of the nodes at the timeet [sitkwarded.
With this idea on mind, we proposed two mechanisms to do that in an internatioriateace
paper. Then, the necessity to compare these and other existent teshmigige a common
framework emerged, which led to an extensive study, including a sumnv@yaaomparative
evaluation. This work was sent to a relevant journal for its evaluatiorpassible publication.

In this stage, we also used Matlab for the mathematical evaluations. Houvetles case,
OMNeT++ was used as simulation tool. All the articles, as well as this thesis Jemn written
using the Latex environment.

To end this section, Figurk 6 offers the reader a general vision of the main research lines
addressed in this thesis, as well as the main publications accomplished derimgttoctoral
stage.
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1. Introduction

1.7 Structure of this thesis

This thesis is divided into four differentiated parts. The first part coatainly the present
chapter, which provides an introduction to the main objectives of this thesigkhsas an
overview of those aspects of VANETS that we consider essential to alemmderstanding
of this document. It also includes a complete list of publications (journalrpapenference
proceedings, and book chapters) authored and coauthored by .thedandidate during the
predoctoral stage.

Partll covers Chapter and3, focused on modeling chain collisions of vehicles. In par-
ticular, Chapte® thoroughly explains the process for developing a stochastic model tazanaly
chain collisions in a platoon of vehicles equipped with communication capabilitiés nfodel
enables the computation of the average number of collisions in the platooril as Wes prob-
abilities of the different ways in which the collisions may occur. In addition to, thferent
probability distributions can be used for the main parameters of interest. Bi@@mmu-
nication system is abstracted and characterized by an appropriate messifigation delay,
it allows to evaluate different communication technologies. Later in Ch&ptee discuss the
potential of the model as a numerical evaluation tool and as an alternativetttason for the
design and performance evaluation of CCA applications, specially at stadgs of develop-
ment. In this chapter, the suitability of the model for evaluating such applicagsiown by
comparing our results with other authors’ simulation results. Finally, an ei@uef different
types of CCA applications in two scenarios, a freeway and an urbamscers provided to
exemplify the use of the model at an early stage to shed relevant guidedinéne fdesign of
this kind of applications, by disclosing the influence of kinematic parametetiseocollision
process.

In Partlll we deal with the efficient geo-routing in VANETSs. First, in Chaplerwe
propose two MAC contention distributions that prioritize the access to theneh&iased on
position, while ensuring a high success probability. Moreover, theseébdistms are proved
to scale gracefully when increasing the vehicle density. In Ch&ptiese proposals together
with other approaches found in the literature are surveyed and fairlya@dpinder a common
framework.

Finally, in PartlV, Chapter6 reports the main conclusions of this thesis and presents pos-
sible future research topics. After the general conclusions, wergrege appendices regard-
ing some additional aspects about the material presented so far. Indippewe describe the
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1.7 Structure of this thesis

supporting tools for the parallelization process performed in Se2tgymamely, the OpenMP
environment and the Ben-Arabi Supercomputer arquitecture. App&ndi describe some
necessary mathematical operations to compute the distance traveled byla irelcise of
collision, which is needed for the stochastic model developed in Chapter
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Modeling chain collisions of vehicles
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A stochastic model for chain
collisions of vehicles equipped with
vehicular communications

2.1 Introduction

Improvement of traffic safety by cooperative vehicular applicationsh &t CCA, is one of
the most promising technical and social benefits of VANEAS L0§. However, in order to
design and implement such applications, a deep understanding of the vailid®on pro-
cesses is heeded. The influence of the different driving parametehe @ollision event must
be assessed at an early design stage in order to develop applicatiosarth@nely adapt
vehicle dynamics to avoid or at least mitigate the dang&v][

It should be noted that the establishment of a CCA application will be deplgngetlially,
equipping vehicles with the proper hardware and software so as thegooamunicate in an
effective way within the vehicular environment. Therefore, it is highly ement to study how
the system of vehicles in a platoon will behave at different stages of adadyn deployment
until full penetration in the market. We have developed as a first appraanhthematical
model to calculate the average percentage of accidents in the platoongvidrginumber of
considered vehicles, their average speed, the average inter-vgiaclagand the penetration
ratio of the CCA technology.

Specifically when the CCA penetration ratio is taken into account, the growtle inttin-
ber of operations of the analytical model is such that the sequential comoputfia numerical
solution is no longer feasible. Consequently, we resort to the use of taeNIp paralleliza-
tion techniques for solving those computational cases considered gxoaelpable by means
of sequential procedures. Additionally, we execute our programs in¢neMBabi Supercom-
puting environmentd], taking the advantage of utilizing the fourth fastest Supercomputer in
Spain. We show how the parallelization techniques coordinated with supputimg resources
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make the simulation process a more suitable and efficient one, allowing a gihcegaluation
of the CCA application.

Then we have extended the stochastic model in order to represent thmeglliecess in
a more realistic way. Very detailed models of vehicle motion and collision dynaraicbe
found [65, 82], but the equations are completely deterministic, whereas, in reality, raregsmn
is always present as an effect of human behaviour or noisy opeilatimauced by sensors
or other reasons. To account for it, the usual methodology is to evalesamnistic models
by applying a Monte-Carlo or stochastic analysis over an extensive mafnidpeir parameters
[63, 82, 114]. However, little effort has been devoted to develop models which arbastic
in nature, and in particular for rear-end chain collisions of vehicles. Seasons behind it
are the difficulties of evaluating all the possible ways in which a collision mayroaad the
complexity posed by the fact that the motion equations for those possibilities éaotle-
pendence on the parameters of preceding vehicles. That is, therdaets to variations in the
driving conditions of the preceding vehicle, as in a car-following apghda7, 115. However,
if vehicles use a communication system which is able to inform all the vehicleg abh@mer-
gency event, those difficulties can be overcome. The key is that, in th@titean be assumed
that drivers react as soon as they receive a warning message grafatteoraking independ-
ently of the preceding vehicles behavior. This is in fact the goal of wgraailision systems
or Electronic Brake Warning (EBW) applications. This assumption remoesddpendence of
the motion equations on the preceding vehicles and facilitates the developnaestochastic
model.

Here we take this approach. Our goal is to describe and analyze thd dshiding for a
set of moving vehicles equipped with a warning collision system when thesidden stop of
the leading vehicle. The scenario under consideration is basically a platteehicles moving
along a unidimensional road in the same direction in which the leading vehideslyccomes
to a complete stop. To consider a worst case scenario we add two stsangm®ns: first,
the leading vehicle stops instantly (it may also be considered that a fixectlebistgs on the
road). Second, vehicles will not be able to change their direction of maveimeope with the
unexpected incident.

Our model is stochastic because all its parameters may be described bynreadables.
We derive the equations assuming always a random inter-vehicle spacpeyticular for an
exponentially distributed spacing, though the model is valid for other distrilmitid/hen ad-
ditional parameters are assumed random, the solutions have been compuégttally. Addi-
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tionally, it should be observed that the model is independent of the comntionitechnology,
since the operation of the communication system is abstracted by the use cagmescep-
tion/notification delay variable. Finally, the probabilities for all the ways the Gollisnay take
place are also derived, which can be further used to evaluate th&ge¥eaccidents in higher
detail, for instance, by assigning different severity weights to diffetgmts of collision. A
deeper discussion on this topic is given in Chafter

The main practical utility of this model lays in its ability to quickly evaluate numerically
the influence of the different parameters on the collision process, witheuteed to resort
to complex simulations in a first stage. Such an evaluation provides relevatgliges for
the design of vehicular communication systems as well as Chain Collision Aagd&@cCA)
applications. As an example, it can quickly reveal for which range andhiifons of the
parameters the communication delay has a serious impact on the metric of intiestcan
be the average number of accidents but also the probability of collisioreoy @ehicle in the
chain. Since it turns out that in some scenarios a low delay is not relevatftef outcome, a
communication system could trade it off for additional reliability mechanisms.ebiar, in
this chapter we set either constant or purely random parameters, Inobtied can be used with
arbitrary parameters to evaluate more specific applications. For instameva|t@ate multi-hop
communications we can set up a vector of delays with progressively siogesalues. We
provide examples of use in Secti@b.3 but in any case, a careful characterization of the
model parameters for the scenarios and applications is a necessaougisep.

The remainder of this chapter is organized as follows. In Se&idwe briefly review the
related work. The derivation of the model is provided in SecBdh The particular character-
istics of the first approach model and its parallelization are descritigd,iwhile the extended
model and its validation are provided 5. Conclusions and future work are remarked in

Section2.6, while the necessary auxiliary material is supplied in the AppendicasdB.

2.2 Related work

Our model assumes that there is a communication system between vehicldmmtizem
to receive warning messages to start braking in the event of a sudgeafdte leading car.
However, such a system is abstracted in the model and characterizeg bigetlof a message

reception/notification delay variable. Therefore, our model is actuallypiewi@ent of it and

33



2. A stochastic model for chain collisions of vehicles equipped with vétular
communications

can be applied to any communication system whose operation can be aldtwaete appro-
priate delay variable. For instance, current VANET standards spifyse of IEEE 802.11p
which is based on contention (Carrier Sense Multiple Access (CSMA))jwedccess Con-
trol (MAC) [67]. Such a shared channel MAC technique can be abstracted in our imypdel
a delay random variable with an appropriate probability distributictg] Further details on
current VANET communication technologies can be foundiri.[

Regarding collision models for chains of vehicles two different groupstoflies can
be found: 1) statistical models of the frequency of accidents occwgrand their circum-
stances 25, 104); and 2) models of the collision process itself based on physical paraneter
[63,82,114. This paper falls on the latter category and additionally assumes that anatetb
warning system is in place. In most of these studies, deterministic equatidhg fmccurrence
of collisions are derived and, to account for random variability, stsiibanalysis or Monte-
Carlo simulations over a wide range of model parameters are performedafido obtain an
estimate of the collision probability or other metrics of interest. Our approadffesetht and
the model shown here is directly stochastic and assumes that at least thveitde distance is
a random variable, which is, in fact, a realistic assumption, as showir2#h [We also perform
Monte-Carlo simulations but, unlike the previously mentioned papers, we esetthvalidate
our model rather than to obtain metrics of interest. Looking into these worlaficplar, in an
early study, Glimm and FentoBJ] defined an accident cost function to evaluate the severity of
vehicle collisions. The collision model used is derived for an automaticalliraied! platoon
of vehicles which advance at constant speed with a constant intellesgpacing. A more re-
cent work [L14] provides a similar collision model for a four-car platoon of vehicles assgmin
that just one of the vehicles is equipped with an autonomous intelligent craisekt In both
cases, the collision model defines how vehicles decelerate in order to abd&t@rministic
equation for the collision. Afterwards, the evaluation is done by randomsonte parameters
of the model and running a Monte-Carlo simulation. 37][ authors derive necessary condi-
tions for a chain collision, starting from a car-following model. Howevery th&sume that all
the vehicles are driving with equal initial speeds and inter-vehicle dissance

Interestingly, the proposed vehicle collision model is more general, it explaitpunts

for random inter-vehicle spacing, and can be used to assign arbidaples, even random

ILet us note that early research, which goes back to the 1960s, catsitie hypothesis of achieving “auto-
mated highway systems”, where most of the driving tasks were autathatontrolled.
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ones, to the kinematic parameters of each vehicle as well as the warninggmessamu-
nication delay. Moreover, there are additional applications of our moadeln$tance, it can
be readily used to evaluate the severity of collisions, a$#j [since we compute the prob-
ability of collisions occurring in several manners, we could assign a isewveeight to each
possibility, that is, we may assign more severity to a collision when both vehiges motion
than to other cases, for example. On the other hand, some of the res® arg similar

to ours, for instance the sensitivity shown to the decrease in decelerafpabitities of the
subsequent vehicles. In all the cases, as well as in our model, onlgmdamllisions are con-
sidered. Head-on collisions are evaluateddf][based on a very detailed analytical model of
the vehicle.

Finally, in this chapter we provide examples about the kind of results thabeattawn
from the proposed model which are useful for the design of CCA apjaita A review on
intelligent collision avoidance algorithms can be foundid7. In particular, the influence
of delay notification on different scenarios is useful to set approptira horizons for CCA
systems based on trajectory predictia0.

Regarding the parallelization of our stochastic model, most typical High fPeaface Com-
puting (HPC) problems focus on those fields related with certain fundanpotaems in sev-
eral areas of science and engineering. Other typical applicationseaondés related to com-
merce, like databases and data mini@g][ That is the reason why we consider our VANET
mathematical model approximation as a non-classical issue to be solvedHP@de&onditions,
contributing to extend the use of supercomputing to other fields of interest.

In the implementation of our mathematical model we parallelize a sparse matrix-vecto
multiplication. This operation is considered as a relevant computationallkarseientific
applications, which performs not optimally on modern processors beoétise lack of com-
promise between memory and computing power and irregular memory actesap0o).

In general, we find quite a lot of work done in the field of sparse matrixevanultiplica-
tions using parallelization techniqued4[ 83, 119. These works study in depth the optimal
performance of this operation, but in this chapter, we show that eveg asimpler parallel-
ization routine, the computation time is noticeably shortened.

Several mathematical models have been developed to study differentsash®ANETS.
Most of them are related with the vehicle routing optimizati®g, [123, the broadcasting
methods 45, 50, 85], the mobility of vehicles 44, 66] and the communication delay time
[24, 53, 95]. Other related VANET issues have been studied as well, like networkeotinity
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Figure 2.1: The scenario under consideration.

[80], or survivability [125. As mentioned previously, in this thesis we focus on collision
models for a chain of vehicles, particularly those based on physicaingtess to assess the
collision process itselfd3, 82, 114).

However in an attempt for searching related work we find that few woskideeen done
specifically regarding to the parallelization of these VANET mathematical modtlstly
speaking. Moreover, to the best of our knowledge, only the vehiclgngproblem has been
approached using parallelization techniqu&$ §3, 62].

2.3 Collision model

We consider a platoon (or chain) of + 1 vehicles driving in convoy (see Fig2.1), where
each vehicle”;, i = 0,..., N, moves at constant velociflj. The leading vehicle(,, faces

an emergency situation at timg = 0, and immediately brakes at a high deceleration rate and
sends a warning message to the following vehicles. The remaining vehiatetodtaake at
constant deceleratiém; when they are aware of the risk of collision, that is, after a time lapse
0;. Letus note thad; = T.; +T,,,; includes both a reaction time and a message reception time
respectively, and so it allows to evaluate both contributions separatélyslremark here that

in the presence of communications the reaction of the driver is indepeaofidrg movement
state of the preceding vehicle. That is, a warned driver will decelevate i€ the preceding
car has not started to decelerate. In a classical car-following agproacthe contrary, the
deceleration would be a consequence of a change in the inter-vehiclagpa the speed of
the preceding vehicle.

For the sake of simplicity, we assume that every vehicle has the same [Bragid its
position is given by the coordinate of its front bumper. The leading vehicle stops at coordinate
xo = 0 and the initial inter-vehicle spacing is = z; — (z;—1 + L). To test the worst case
situation, vehicles cannot change lane or perform evasive maneuVhrs is a worst-case
assumption, commonly used in the literatusé, [42], that leads to upper bounds in the results.

1To simplify the notation, in the remaining of the thesis we consigerdecelerationand so assign it a positive
sign.
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2.3 Collision model
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Figure 2.2: Probability tree diagram that defines the modg|; represents the state witltollided
vehicles and successfully stopped vehicles.

The model needs five inputs: the number of vehicles, the distribution of threvieltécle
spacing and vectors for the speeds, delays and decelerations. sthariée ones define the
initial state whereas the last two are usually controllable. That is, we can iendgihat the
time instant of the emergency event we take a snapshot of the system. ks@napshot we
extract the speed of each vehicle and the distance between two covsgetitles. Therefore,
the initial state of the system is defined by the spefdd$;—o.. n and inter-vehicle spaces
{si}i=1,... n, which will be calledstate variablesOn the other hand, the delays before braking
{0i}i=0,.. n and the deceleration rat¢s; },— ..y Will depend on the decisions made by the
drivers after the time instant of the emergency event, which may be inflddncen CCA
application and will be calledontrol variables We assume that at least inter-vehicle distance is
a random variable, but the remaining variables can be consideredmasrdassigned constant
values, as it is discussed in the following sections.

With this model the final outcome of a vehicle depends on the outcome of thedimgc
vehicles. Therefore, the collision model is based on the construction girdiability tree
depicted in Fig. 2.2 We consider an initial state in which no vehicle has collided. Once
the danger of collision has been detected, the first vehicle in the chafimmediately after

the leading one) may collide or stop successfully. From both of these stategossible
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Figure 2.3: Probability tree and transition matrix for a chain with= 2 vehicles.

cases spring as well, that is either the following vehicle in the ctigaimay collide or stop
successfully. And so on until the last vehicle in the chain, denote@'’ by At the last level

of the probability tree there ar® + 1 possible outcomes (final outcomes) which represent
the number of collided vehicles, that is, frainto NV possible collisions. Observe th&f ;
represents the state witttollided vehicles ang successfully stopped vehicles.

The transition probability between the nodes of the tree is the probability ofioallaf
the corresponding vehicle in the chain(or its complementary). These probabilities will be
calculated recursively, as described in the following sections, beingdhipatation the main
contribution of our model. Let us note how every path in the tree from thetooine leaves
leads to a possible outcome involving every vehicle in the chain. The probadfidtparticular
path results from the product of the transition probabilities that belong todtie Since there
are multiple paths that may lead to the same final outcome (a particular leaf nodetiad}
the probability of that outcome will be the sum of the resulting probabilities afygressible
path reaching it.

In order to compute the probabilities of the final outcomes, we can constritzrkov
chain whose state diagram is based on the previously discussed prolieddlitit is a homo-
geneous Markov chain with states:

(50,0, 51,0, 50,15 - - - s SN0y SN=1,15- - -+ S1,N—1,S0,N)- (2.1)

The transition matri¥P of the resulting Markov chain is a square matrix of dimension+

1)(N + 2)/2, which is a sparse matrix, since from each state it is only possible to move to two
of the other states. For the sake of clarity, a brief example with 2 vehicles isalled in Fig.

2.3
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Then, we need to compute the probabilities of going from the initial state to dable o
N +1 final states inV steps, which are given 8% Therefore, the final outcome probabilities
are the lastV + 1 entries of the first row of the matriR” . LetII; be the probability of reaching

the final outcome withi collided vehicles, that is, statg ;. Therefore,

2.2)

0 pV (17 (N 4+ 1)(N +2) _Z).

2
Finally, we obtain the average of the total number of accidents in the chaig thsn

weighted sum:

N
Nace = Y _ i - 11 (2.3)
=0

2.4 Preliminary model

In this section we describe the preliminary approximation for the computatiore afattision

probabilities, which does not describe realistically enough the collisiorepsodHowever, the
method to compute the probabilities of the path outcomes is independent of thetoess
or accuracy of the transition probabilities used, and the goal of this seastiorevaluate the
benefits of parallelization for this technique to compute the average numbecidients. An

improved model for the transition probabilities will be explained in Sectidn

2.4.1 Computation of the vehicle collision probabilities

In this first approach we consider the inter-vehicle spacing is normallyhiitgd and vehicles
react to the first collision of the leading vehicle according to two possiblersek: starting
to brake because of a previously received warning message transnyitéedallided vehicle
(if the vehicle is equipped with CCA technology) or starting to decelerate afitcing a

reduction in the speed of the vehicle immediately ahead (if the vehicle undsidecation is

not equipped with CCA technology).

As we said in the previous section, the transition probability between the nbtlestree is
the probability of collision of the corresponding vehicle in the chaifor its complementary).
These probabilities are calculated recursively, as a function of difféiaematic parameters,
such as the average velocity of the vehicles in the chain (used to compuisttreed to stop),

the average inter-vehicle distance and the driver’s reaction time, amoaig oth
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We start calculating the collision probability of the nearest to the incidencieleely;.
The position ofC; when it starts to decelerate is normally distributed with mgan= i - s
and standard deviation = s/2, wheres is the average inter-vehicle distance. VehiClewill
collide if and only if the distance t0) is less than the distance that it needs to stigp, so its
collision probability is given by:

+o0o
pr=1 —/ f(x; py, 0) de, (2.4)
L+ds,1

whereL is the average vehicle length apidr; 11, o) is the probability density function of the
normal distribution with meap and standard deviatian

Considering constant deceleratianand velocityV;, and a delay before braking, the
distance needed by vehidlg to completely stop without colliding is given by

2

V.
dsﬂ': L+ Vid;. (25)
2@2'

To compute the collision probability of the second vehicle we will use the aggragjtion
of the first vehicle when it has stopped (either by collision or successtdly). This average
position is determined by:

o +oo L
X :/ - f(a;pm +ds1,0) de + L / faim +dsy,0) dz. (2.6)
L —00

The second term of the sum means that the vehicle cannot cross the pbsitian it collides,
since we are assuming that when a vehicle collides it stops instantly at theopoailision.

Once we have obtained; we can compute,, and recursively we can obtain all the
collision probabilities:

“+00
p=1- f(@s o) dz,  i=2,...,N, 2.7)
Xi—1+L+ds ;

where

R 400 - Xi_1+L
Xi:/ x - f(a;p +dsg,0) de + (X¢71+L)'/ flx; s + dg i, 0) da,

Xi—1+L —00
i=2,....N.
(2.8)

40



2.4 Preliminary model

Table 2.1: Number of combinations aV = {10, 20, 30} vehicles with and without CCA techno-
logy.

CCA% 10veh. | 20veh. | 30 veh.
0% 1 1 1

10% 10 190 4060

20% 45 4845 593775
30% 120 38760 14307150
40% 210 125970 | 86493225
50% 252 184756 | 155117520

2.4.2 Parallelization of the preliminary model

Our purpose is to evaluate the functionality of the CCA system depending @cthal penetra-
tion rate of this technology. So that, we have to solve the model assumingdiftechnology
penetration ratios. This assumption implies that we have to calculate the nundudlisibns
once for each of the possible combinations in the chain of vehicles equigiednd without

N N!
(m) - (N —m)!m!’ (2:9)

whereN is the total number of vehicles in the chain ands the number of vehicles equipped

CCA technology, that is,

with the CCA technology. It is worth noting that the number of combinationsf@ehicles set
with CCA technology andv — m without it is the same that faV — m vehicles with CCA and
m without it. Therefore, in order to analyze the computation time, we solve thelmageng
the CCA penetration rate betweéft and50%, since the rest of cases are computationally
(but not numerically) identical. As we can see in Tablg the number of combinations grows
quickly by an increase on the CCA penetration rate as well as by an iecveake number of
vehicles.

In addition to that, we also aim at evaluating the impact on the number of accafahts
inter-vehicle distance, varying this parameter in a wide range.

Here we present the algorithm for the model implementation (Algorithmnd then, we
explain the method we have used to parallelize it.

Examining the algorithm we can make the following observations:

1. The iterations of théor loop that covers the number Gombinationgesulting from the
CCA technology penetration rate are independent for each otheryscethde executed
in parallel by different threads.
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Algorithm 1 Computation of the number of collisions in a chain of vehicles

for all comb in Combinations do
for all sin RangeO f Distances do
fori=1to N do
pi = f(comb, X;_1,s,V;,a;,0;)
end for
for j =0to N do

end for
N
Nacc = Z] ’ Hj
=0
end for
end for

2. The same occurs with ther loop that covers thé&kangeOfDistance§for the inter-

vehicle spacing) to be evaluated.

3. Since the collision probabilities of the vehicles in the platoon is computedsieelyt
each iteration of thér loop that considers each vehicle in the chain needs the results of
the preceding iteration, so this loop should be executed sequentially.

4. To obtain the first row of matri? we have to multiplyV times a vector of dimension
(N 4+1)(N +2)/2 by a matrix of dimensiofiN + 1)(IN +2)/2 x (N +1)(N +2)/2.
The vector-matrix multiplication can be also parallelized so that each threadtegehe
multiplication of the vector by some of the matrix columns. However /Yheultiplica-
tions should be done one after the other, that is, sequentially.

For the sake of clarity, we will parallelize the following tasks:
e A: Vector-Matrix multiplication.

e B: Average inter-vehicle distance variation.

e C: Technology penetration rate variation.

Next, we will combine the different parallelized tasks (see Talieand execute the result-
ing programs in order to assess the actual improvement obtained fronoeachn Appendix
A we describe the supporting tools for this parallelization process, namel@peMP envir-
onment and the Ben-Arabi Supercomputer arquitecture.
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Table 2.2: Resulting programs with different parallelized tasks. Xamethat the corresponding
parallelization takes place.

Program A B C
Program 1

Program2 | x

Program 3 X
Program 4 X
Program 5 | x X
Program 6 | x X
Program 7 X X
Program 8 | x X X

2.4.3 Results

In this subsection we summarize the results obtained by executing the prairamwrsin Table
2.21in a node of the Arabi cluster. We have used 2, 4 and 8 processorden torassess the
improvement on the execution time achieved by each one.

The parameters used to execute the model are as follows:

CCA penetration rate: 0% - 50%, in 10% steps.

Average inter-vehicle distance: 6 - 76, in 1 meter steps.

Number of vehicles: 20 vehicles.

Velocity: 33m/s.

Deceleration: 8n/s%.

Driver’s reaction time: Is.

The computation times resulting from the execution of the eight programs witlelideted
penetration rates of CCA technology using 2, 4 and 8 processors ateaiisin Figure2.4,
2.5and2.6, respectively.

Now we focus on the results associated to the 50% CCA penetration rate,feimthis
value we obtain the highest number of combinations, specifically for a chaiwehicles we
obtain a total of 184756 combinations. Therefore, it is for this particulaeation rate when
we obtain a higher execution time and it can be considered as the criticdhdasens of the
solving time.
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Execution time (min)

Execution time (min)
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Figure 2.4: Execution times in minutes for each program using 2 proe¢ssso

4 processors
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Figure 2.5: Execution times in minutes for each program using 4 proessso
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8 processors
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Figure 2.6: Execution times in minutes for each program using 8 proessso

The sequential program (Program 1) lasts for a total of 297.975 mintbsdss approxim-
ately 5 hours of computation. If we make a comparison among the paralleliagdaprs we

can draw the following conclusions:

e With 2 processorsthe best result is given by the Program 7, with a computation time of
156.433 minutes, what implies around 2.6 hours of calculation time. The adrspee-
dup' is 1.9, which implies an improvement of around 47.5% referred to the execution

time.

e With 4 processorsthe best result is given again by the Program 7, with a calculation
time of 85.988 minutes (around 1.43 hours). In this case the achievedugpisesl 46,

which implies an improvement of around 71.1% referred to the execution time.

e With 8 processorsonce more, we obtain for the parallelized Program 7 the least com-

putation time, 50.402 minutes with a 50% CCA penetration rate. So if we compare this

In parallel computing, speedup refers to how much a parallel algorittiaster than a corresponding sequen-
tial algorithm. It is computed dividing the execution time of the sequentialrihgo by the time of the parallel
one.
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outcome with the execution time of the sequential program we obtain an improvemen
of the 83%, that is, a speedup factor of 5.89.

In conclusion, on the one hand, we have achieved an improvement ofr88#é compu-
tation time of the most complex case, what can be considered as a pretty niatandung
improvement. On the other hand, if we compare the best execution times betveeemo
technical extremes under study, that is the use of 2 or 8 processorgjingjdo the shared
nodes architecture in the Arabi cluster, we reach to an improvement @&%7 which implies
an upwards trend with increasing the number of processors, as expktieeover, we can ob-
serve that those programs including the parallelization of task C, which impliascleration
on the loop varying the CCA technology penetration rate, are the fastest dtevertheless,
the results obtained from Program 2 show that the improvement achiexadlpzing only the
vector-matrix multiplication (task A) is already significant, reaching 60.4% uinigpcessors.

Analyzing the speedup for programs 7 and 8 it surprises that P7, withavediglized tasks,
wins P8 including one more parallelized task. But this is a common fact in pacatgbuting
due to load balancing and synchronization overh&#}l [This explains also that all programs
including parallelized task C have similar execution times, since this is the heevraputa-
tional task and outshines the improvement derived from the A and B taakalglization.

Let us compare now the obtained results for the Program 7, the one witeshexecution
times, centering on the 50% CCA penetration rate, since as we already mentiuisds the
heaviest option in terms of computational load. We find out an inverse redaipbetween
computation time and the number of processors in use, since when we dugiieatember
of processors the execution time of Program 7 is reduced almost to a lpa€tifigally, the
speedup achieved passing from 2 to 4 processors is 1.82, and fror8 proxessors, 1.7.
However, this speedup is limited according to Amdahl’s [2&][ We have calculated for each
program the theoretical speedup obtained from this law, as depicted ireRigu

Amdabhl’s law states that if is the proportion of a program that can be made parallel then
the maximum speedup,U, that can be achieved by usingprocessors is:

1
SU = ———. 2.10
1—a)+% (2.10)
We can estimate by using the measured speedtifi on a specific number of processors
sn as follows:

(2.11)

_ 8
Qestimated = ~ 1
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0 i i i i i i i i i i i i i
1 2 4 8 16 32 64 128 256 512 1024 2048 4096 8192 16384
Number of Processors

Figure 2.7: Theoretical speedup limits calculated from Amdahl’s law.

The results show that for P2 the speedup obtained with 8 processors & #hatmit for
it, but the speedup for P7 can still grow up to 20, which implies reducing teeugion time to
less than 15 minutes.

Unfortunately, we have not been able to check how the results of Amdaw'approach
to reality. We tried to execute the Program 7 in the Superdome Ben, but exgituiging 32
cores the time consumed was much higher than using 2 cores in a node ofdtes. cluis
owing to the computing speed (819 Gflops in the Superdome and 9.72 Tflomsdtuster).

As an alternative, we tried using MPI (Message Passing Interface &8t)nd] in order
to execute our programs using different nodes of the cluster simultaneddslyever, we
encountered the problem of an excessive memory requirement, due tedtlgémreplicate
data across processes, and consequently we failed in the executierpobginams by this way
too.

2.5 Complete model

In this section we explain the extended model, in which the collision processasiloed in
more detail. Here we assume that all the vehicles in the platoon are equippedehiithlar
communications, since this assumption removes the dependence of motion rexjoatithe
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0 X-I—l- xi—\/@i X;

Figure 2.8: Parameters of the kinematic model used to compute the eatodision probabilities.

preceding vehicles and facilitates the development of a stochastic model.

We start from a deterministic kinematic model and compute the collision probabilities w
different parameters of this model are considered variables. Thiésrageivalidated by Monte-
Carlo simulations. Hence, we start from a basic kinematic collision model pd\g [LO7],
that can be summarized as follows.

Letl; represent théotal distance traveletby vehicleC; since the emergency event occurs
at time instant, = 0 until the vehicle completely stops or collides wiffy_;. Let §; be the
time lapse that goes between the detection of the emergency event until v@hmteually
begins to slow down. We call; the notification delaywhich models the delay between the
time instantt; = 0 and the instant the driver of vehictg; is aware of it and starts to brake.
These parameters are depicted in Fig8. The notification delay plays an important role if
we consider a communication system in operation between the vehicles. laskisvee can
assume that the driver starts to brake when it receives a warning reessdfithe emergency
event occurs aly = 0 the warning message is received at ¢§; by the vehicleC’;. However,
we assume a more realistic case in which there is also a reaction time before¢hactually
starts to brake. Therefore = T, ; + T, ;, whereT,, ; is the message reception delay ahd
is the driver reaction time.

If vehicle C; does not collide, the distance it needs to completely stop is given by equation
(2.5. However, when a collision occurs, the actual distance traveled byth&.¢, is not given
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Ciy G <—- G
I < li >
< ds,i >
< Si+li >

(a) VehicleC; is able to stop successfully, thén= d ;.

G, G «<— G

< I;

1
>
< ds,i >
& Si+l'-l _>
(b) VehicleC; collides withC;_;. In this case, the actual distance covered’byp to

the collision is shorter thaids ; as given by 2.5). Now itisl; = s; + [,—1 and depends
on the distance covered ldy; ;.

Figure 2.9: The distancé; traveled by a vehicle when there is a collisi() is shorter than the
distance needed by it to stop successf(dly d; ;.

by (2.5 anymore, but one has to consider the way the collision has occurre@x&ample, if
a vehicle crashes, its actual distance to stop is obviously shortedihaas illustrated in Fig.
2.9, and also different when both vehicles are still in motion when the crasir&cc

Let us remark at this point thak 5) implies that a communication system is in place and all
vehicles start to brake when they receive the messadependently of the behavior of the pre-
ceding vehiclesOtherwise, drivers would start to brake only when they sensed tlkéngraf
its nearest forward neighbor as in a car-following appro&dh115, so (2.5 would become a
function of the parameters of the preceding vehicle, thakis= f(V;, Vi1, ai, ai—1,9;, 6i—1)
and the problem would become more complex.

In all the cases the probability of collision of vehial&é depends on the relationship
between its distance to stef ;, the total distance traveled by the preceding vehitle,,
and the initial inter-vehicle spacg. That is, whend,; < l;_1 + s; the vehicle is able to stop
without colliding.

At this point we also assume another simplification: if two vehicles collide weidenthat
they instantly stop at the point of collision. This way we keep on assuming st wase eval-
uation. There are more realistic approaches, for instance, to take itora¢he conservation
of the linear moments to compute the displacement due to the @&8&sh [

As can be seen from the previous equation, the number of collisions departhe vector
of velocitiesV;, decelerationa;, notification delays;, and inter-vehicle distanceg which we
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refer to askinematic parametersWhen all the parameters are given, the model is completely
deterministic. However, we are interested in a more realistic case involvidgmawariability

of the parameters. To study the influence of the different parameterdl@ons we introduce
variability on different model parameters as follows: for all the casesamsider thats; is

an exponentially distributed random variable with paramg&teFhis parameter represents the
density of vehicles on the road, defined as the average number of wepaleneter. Let us
remark thats; can adopt a different distribution and the following model is still valid. The
reason for this is that sinceg is the inter-vehicle spacinghenthe emergency event occurs,
we can consider iindependent of the rest of parameters of the moaich means that the
following equations would be essentially the same, but substituting the exedrmernbability
density function by the corresponding new one. We have selected anexxal distribution
because it simplifies the computations and it has been shown that desceibexervehicle
spacing when traffic densities are smalRf], whereas high traffic densities show log-normal
distributions [L127.

Once we have described our collision model, we next derive a basic rffavdbE vehicle
collision probabilities in which all the parameters are constant except fantirevehicle dis-
tance. Then, we extend the model by considering variable the rest ahtétr&tic parameters.
This way we can evaluate the effects of the different parameters onhfaeseollision model.

2.5.1 Constant kinematic parameters

Our first step is to evaluate the basic model, considering all the parametstarh except for
s3, Which is assumed exponentially distributed. If a vehicle is able to stop withuliding
and the kinematic parameters are constant it always travels the same distaBaeif there is
a collision, a vehicle only travels the initial inter-vehicle distance plus the distaaceled by
the preceding vehicle until it collides. Therefore, we have to compute thsiao probability
conditioned on the distance traveled by the previous vehicle. In the follogubgections we
first compute this probability exactly and then we provide an approximatioratloats us to
simplify the computations when additional variable parameters are considereimodel.

2.5.1.1 Exact computation of collision probabilities

In this case we compute the collision probability exactly. For the sake of clatityassump-
tions are summarized as follows:
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e All vehicles move at the same constant velodity
e All vehicles begin to slow down at the same constant deceleration

e The delays is the same for all drivers. It implies that all the drivers receive the ingrn
message at the same instant.

SinceV;, §; anda; are constants, fron2(5) we obtain:

2
dy = V— + V. (2.12)

For1l <i < N, the collision probability will be computed as follows:

pi=P(ds > lic1+5si) = P(li—1+ 8 < ds | li—1 <ds)P(li-1 < dg) +
P(li—1 + 5 < ds | lim1 > ds)P(li—1 > ds), (2.13)

wherel; 4 is a random variable that represents the distance traveled by the pgeeetiole
(assuming thaty = 0, since vehicle’y stops instantly aty = 0), and F' is the cumulative
distribution function of the exponential distributioaxp()), with A the vehicle density (in
veh/m).

In this simple case, if vehicl€;_; does not collide then neither does vehi€lg because
the velocity, the deceleration and the reaction time are the same for both of therao\Mr,
if vehicle C;_; collides, it means that all of the preceding vehicles have collided. Frora thes
observations we can conclude thiat; = s; + so + ... +s;-1 ~ Erlangi — 1,\), and
P(lii1+s; <ds|li1 >ds)=0

Now, we need to computg; = P(l;—1 + s; < ds | li—1 < ds)P(l;—1 < ds). The joint
probability density function oX = [;_; + s; andY = [, 1 is:

/\2 A ierf)\:p
g(z,y) = ((;1./)_2>!, for 0 <y<u. (2.14)

So, the joint cumulative distribution function is:

t)\2)\22—)\t y)\Q)\zQ
G, ) // ZS_Q dsdt+// 13_2 Cdsdi—  (2.15)

’)\ )\ 1—1 3 v
- (i(—1l;?+gizi)1)!(e M)

, for0 <y < x.
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xr
wherey is the incomplete gamma function, definechés, =) :/ tv et
0
Finally, for1 < 7 < N it holds:

G(ds,ds)
Fy(ds)
y(i, Ads) ()\ds)ifl(e—xds_e—xds) v(4, Ads)

Q-1 T =1 ~ oo @19

At this point, if the metric of interest is the average number of accidents, theegure

Pi = P(lifl +s; < ds | lifl < ds)P(lifl < ds) = : Fy(ds) =

= G(ds,ds) =

to obtain it is: once we have computed the collision probability for each vehidejave to
construct the matri¥ described on Sectiah 3. The next step is to calculate the final outcome
probabilities I1;, and finally the average number of accidents can be obtained througiibequa
(2.3.

As can be seen, in this case it is relatively easy to compute the collision flitybedndi-
tioned on the distance traveled by the preceding vehicle, However, in the following cases
it becomes increasingly difficult. Besides, it can be seen that the collisodrapility basically
depends on the differendg; — [;_; of any two cars being greater than the initial inter-vehicle
distances;. From this observation, and in order to simplify the following computations, in the
next section we compute the collision probability using éiveragedistance traveled by the
preceding vehicle and compare it with the results of this subsection.

2.5.1.2 Approximate computation of collision probabilities

As discussed previously, in this subsection we compute an approximationdollisen prob-
ability for the basic model, where we use the average distance traveledgrgdseling vehicle,
and compare it with the exact computation. For the sake of clarity, our agsmspre sum-
marized as follows:

e All vehicles move at the same constant velodity

e All vehicles begin to slow down at the same constant deceleratatithe same time (the
delayé is the same for all drivers).

e We use the average distance traveled by the preceding vehicle to calcelatdligion
probabilities.

As in the previous case, the distance traveled by a vehicle until it completelyistbdoes
not collide is given byZ.12.

52



2.5 Complete model

Forl < ¢ < N, vehicleC; will collide with C;_; if and only if the distance needed loy
to stop is greater than the distance between them plus the average disteeles g C; 1,

l;—1, so the collision probability of’; is:
pi = P(ds > 11 + 1) = Fds — ;1) (2.17)

The average distance traveled by a vehiGlenust be computed recursively, starting from
lo = 0. Forl <i < N, the average distance traveled by vehiclas I; = ds(1 — p;) + de.ipi,
whered,.; is the average distance traveled by the vehicle in case of collision:

— 1 1

1 ds_li— ]_
doji = — / (T + e Ndr = — (li_l +5 = (ds + )e“dsl"”) - (2.18)
" piJo i A A

Then, the equation fdk is:

(2.19)

i =

T ds(1 —p;) +deipi, pi >0
d87 Pi = 0.

Now, like in the previous case, we have to construct the m&trand calculate the average

number of accidents througB.@).

2.5.1.3 Validation and discussion

Fig. 2.10shows the results of computing the basic model described in the previdimsec
The number of vehicles in the chaini& = 20, and the rest of the parameters have been fixed at
a=2~8 m/sQ, which is the maximum deceleration of what is consider as a normal veBile [

V =33m/sandd = T}, ; + T,; = 0.1 4 0.9 s. In this casel},; = 0.1 s is the maximum
delay for warning messages that vehicular communication standardsyspEgif whereas

T,; = 0.9 s is an average driver reaction timéd. Fig. 2.10illustrates the curves for the
exact and the approximate basic models. In addition, a Monte-Carlo simuldtioa system
has been also conducted in order to validate our model. The Monte-Carltasona have
been performed with 10 replications per simulation point and results arensiatv 99.5%

confidence intervals. As can be seen, the use of the average distaratedrby the preceding

vehicle,l; 1, provides an excellent approximation to the exact collision probability, shee

mean square error between the results of both cases is less than 0.5&avétpsimulation
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Figure 2.10: Average percentage of accidents versus average interleefistance = + — L m
for basic model, with exact solution, approximate solutéord Monte-Carlo simulation with a
99.5% confidence intervals.

results confirm that the model is correct enough, since the mean squareatween the results
of the approximate case and the Monte-Carlo simulation does not exceed 2%.

2.5.2 Variable kinematic parameters

In this section the basic model is extended by considering notification dglayslocitiesV;
and decelerationg; as variables. In most of the cases, they should be considered random
variables with their appropriate probability density functions to model sontepkar effect.
At this point, we do not assume any particular probability distribution for therdisdussion
on this matter is provided later in Secti@rb.2.1

As in the basic case, the vehicle collision probabilities are calculated reelyrdror each
vehicle C;, starting from the leading one, we compute its probability of colliding with the
preceding vehicle. ;, which is based on the average distance traveled by the preceding vehicle

li—1:

pei=Pds; >1li-1+ ;) =F(ds; —lic1), i=1,...,N, (2.20)

whereF is the cumulative distribution function (cdf) of the inter-vehicle spacing&nds the
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distance needed by vehidlg to completely stop (defined by e®.5)).

The second step is to compute the average distance traveled by the gafetd, which
is then used in the computation of the next vehicle collision probability. Againatrésage
distance must be computed recursively, starting figra= 0. However, in this case vehicle
collisions may occur in four different ways: (1) vehicles have not siaddrake; (2) only one
of them is braking; (3) both of them are braking; or (4) the front veltiele stopped. Each one
of these possibilities results in a different distance to stipp;, that must be weighted by its
probability of occurrence;.; ;, and added to get the average distance travielast

4

Ti = ds,i(l - pc,i) + Z de,iQCj,iy (221)
j=1
where
1 SUPe; i
deyi = —— / D, :(z)f(x) dx, (2.22)
e i infe;.i
qu,i = P(inij,’i S Si S SupCj,i) = F(Supcj',i) - F(/[:nfcj',i)’ (223)

fori =1,...,N, j=1,...,4, wheref represents the probability density function (pdf) of the
inter-vehicle spacing distribution arid., ;() represents the distance traveleddywhen the
inter-vehicle spacing is and it collides in the way. The derivation of these distances, as well
as the proper values for the integration limitsf., ; andsup,, ;, are provided in Appendiis.

Actually, the probability ofC; being crashed is the probability 6§ colliding with C;_1 or
C;41 colliding with C;, so the collision probability is computed as follows:

pi = 1—P(Cit1notcoll.C; | C;notcoll.C;—q) - P(C;notcoll. C;—q) =
= 1- F(ds,i—H - lz)(l - pc,i)- (2.24)

2.5.2.1 Validation and discussion

The next stage would be to assign the kinematic parameters and notificatips agbsopriate
values that model realistic scenarios. As an example, in order to take imtora@n underlying
communication model, the notification delay should be assumed to be a randabievarith
an appropriate probability density function. In this way, information packdisions in a
heavily loaded shared communications channel can be modeled with arpaataeandom
variable for the access delay and characterized alsg,by[129. Furthermore, since vehicles
move at different speeds, the velocity should be assumed to be a rarad@bler too. Let
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Figure 2.11: Validation of the model through the evaluation of six diéfet scenarios.

us note that, in most of the practical cases, inter-vehicle distances aruitiesloepresent

the state of the system when the incident occurs, and so they should sidered random
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variables, though determining their distributions and ranges require ampcbpracterization
of the scenario of interest. Accelerations and delays can be controlléiffénent means after
the incident, and so depending on the application evaluated they can li@etedsonstant or
assigned particular values.

Later, in ChapteB, we provide an evaluation of different types of CCA applications in two
scenarios, a freeway and an urban scenario. Those scenar@bd®v carefully characterized
by extracting appropriate parameters’ distributions from open literatuogieler in this sec-
tion we only intend to validate our model, therefore the parameters are sdbtmalse uniform
random variables and e®.8) has been computed 100 times and averaged. In all the cases we
assume a chain @¥ = 20 vehicles.

A solution for the model has been computed for six different scenarios:

a) Inthe first oney; is assumed to be a uniform random variable ranging betWweeand
1.5 s, whereas the velocity and the deceleration have been fixéd-at33 m/s and

a = 8 m/s?, respectively.

b) In the second scenarid; is assumed to be a uniform random variable betwateand
36 m/s, whereas the notification delay and the deceleration have been fixed ats

anda = 8 m/s?, respectively.

c) Inthis scenario, both the velocity and the notification delay are assumeduoiform
random variables ranging betwees and1.5 s and betweers0 and36 m/s, respect-

ively, while the deceleration is kept constanBat:/s>.

d) Here the deceleratiom; is assumed to be a uniform random variable betwéamd
8 m/s?, whereas the velocity and the notification delay have been fixd-at33 m /s

andéd = 1 s, respectively.

e) Inthis scenariol; is assumed to be a uniform random variable betwfeand36 m /s,
whereas the deceleration and the notification delay have been fixed & m/s? and

0 =1 s, respectively.

f) In the last scenario, both the deceleration and the velocity are assunbedutoiform
random variables betweehand 8 m/s2 and betweers0 and 36 m/s, respectively,
while the notification delay is kept constantiat 1 s.
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Figure 2.12: Performance of the model with different constant decedlemat(a) and message
reception delayfb).

Finally, in order to validate the results for our solutions, the correspondiogtdiCarlo
simulations have been conducted as well. The results of this evaluationcava ghFigure
2.11 Let us remark that these pictures are provided to validate that our mes&iiloes cor-
rectly the dynamics of the system. A discussion on the influence of the paramoet¢he
collision process is deferred to the next chapter.

The average number of accidents computed with our model for each oixtlcases is
compared with the aforementioned Monte-Carlo simulations. The standaedide\has been
computed and shown as errorbars. Dashed lines show the 95% caoefiokearval of the
corresponding simulation. In all the cases, the results reasonablyrnadhérvalidity of our
model, even using,_; as approximation, since the mean square error between the results of

the analysis and the simulation remains between 3.5% and 6% for all the cases.

2.5.3 Applications and discussion of the model

Once our model has been validated, we can use it to evaluate the influletiee dfferent

parameters on the vehicle collision process. A systematic evaluation ofediffecenarios,
as well as the development of different metrics, is presented in Chaptéere we present a
short discussion of the qualitative and quantitative aspects of the parahiefleence on the

average percentage of accidents.
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Figure 2.13: Evaluation of the impact of the parameters’ variability tve thumber of vehicle
collisions.

As for the qualitative evaluation, we first provide a set of figures thatvghe influence of
the different parameters. Fig¢.12shows a family of curves for the model when the deceler-
ation or the notification delay are kept constant, while the rest of the pananaseerandom.
As can be seen in Fid2.12(a) the number of accidents is clearly sensitive to the deceleration
capabilities of the vehicles, which agrees with the results obtaingiBjnHowever, there does
not appear to be a statistical difference for different notification delyen the deceleration
and velocities are variable (Fig.12(b). This result is also in accordance witB3], where
it is shown that moderate changes in the notification delay cause small vasiatiancident
severity. Later in this section we discuss when the delay actually has an imgaoftaence on
the number of accidents.

Fig. 2.13(a)shows the results when the velocities are randomly distributed. In this case if
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either deceleration or notification delay are kept constant it causeseticdof the number of
accidents. Infact, in this case it is noticeable the positive effect of a comeation system able

to deliver warning messages with short maximum delays and automatic velsiptse. Fig.
2.13(b)shows similar results when deceleration is kept constamt-at6 m/s?. The results
however reveal that in general the variability of the kinetic parametera hagative impact on
the number of accidents. If the system is able to keep constant some ofémegpers during
the emergency event, an improvement can be achieved. The benefitsaphiagvcollision
system are even clearer in Fig.13(c) When all the parameters remain constant, a shorter
notification delay always results in fewer vehicle accidents.

Overall, these results suggest that a cooperative warning collision abtficsystem com-
bined with a vehicle control system able to smooth out the variations of speetkaeleration
of the platoon of vehicles may improve the driver and passengers safédgt, more detailed
conclusions can be extracted to provide general guidelines aboutshgndad operation of
a CCA application, as we will see in Chapter The usual approach is to consider that the
emergency messages must be sent as fast as pod€iGld 13, but according to the obtained
results a higher delay could be traded off for other features suchiasility of warning mes-
sage reception. For instance, adding a Request-To-Send/Cleantiorgechanism to avoid
packet collisions due to hidden nod&s]. Or more importantly, the CCA application should
provide an acceleration control mechanism, so the margin in delay cand®us#lect all the
necessary information from neighboring vehicles to perform suchagmtoperly. This kind
of insights on delay requirements is also important for designing CCA applisatiased on
predicting trajectory conflicts, in order to determine the time horizon for trajgestimation
[10§.

However, if we consider a low speed and high density scenario, the ldatag remarkable
influence. Fig.2.14shows the average percentage of accidents when velocities are uniformly
distributed within 10 and 16:/s. This scenario would model an urban road, where speed is
relatively low but the vehicle density is highAnd in this case, specially at short inter-vehicle
distances corresponding to urban roads, the influence of delay is miiceable, higher than
that of deceleration. Therefore we can conclude that the deliverywvairaing message might
not be sufficient to ensure safety and a special emphasis should lee plagroviding auto-
matic deceleration control. Moreover, in this scenario it is specially difficrltaf commu-

1Just for the sake of example, but let us remark that a log-normaibdigtm for inter-vehicle distances de-
scribes more accurately high density scenarios.
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Figure 2.14: Average percentage of accidents in a low speed scenaridivithU (10, 16) m/s.

nication system based on contention channel access (CSMA) to prowdtelays, since the
number of neighbors in range is high, unless additional congestion tomtighanisms such
as transmit power control are applied.

In fact, some of these conclusions can be drawn by directly examiningiegsi&.5) and
(2.20), that is, for high speeds it is more important to have good deceleratiaiiditips rather
than to press the brake quickly, and conversely for low speeds.

Finally, as for the quantitative aspects of the results, the percentageidéars might seem
higher than expected, above 10% in many cases, as well as the slowadétciy high inter-
vehicular distances. This is first a consequence of the extreme case weaduating here,
that is, the leading vehicle stops completely and immediately. It makes the collisioa ffst
car of the platoon almost unavoidable in most of the cases. As a worsappsaach, better
outcomes are expected in reality. But also these results have to be inténpitteare, since
using average inter-vehicle distances may lead to misleading conclusioas.ekample, with
the parameters used in Fig.13(c) V = 36 m/s, a = 6 m/s> andd = 0.1, the distance

needed to stop is 111:6. For an exponentially distributed inter-vehicle distance with mean

s = 60 m, the probability ofs; being less than 10@ is 0.81, and even with a mean= 150 m,

this probability is still 0.48. So the probability of collision is higher than one may ineliti
think, specially for the first vehicles in the chain. Therefore, even latively high inter-
vehicular distances, the collisions are mainly suffered by the first armhdecehicle, which

accounts for the 10% of accidents in our example WNth= 20 vehicles.
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2.6 Final remarks

In this chapter we have proposed a stochastic model for the probabilipflisi@ans in a chain
of vehicles where a warning collision system is in operation. The fact theatraing notific-
ation system is used allows us to overcome the difficulties for obtaining stochasdels for
such vehicular scenarios, since we can assume that all the drivect#gaieact to the warning
message independently, and therefore the motion equations can be simpldiatso propose
a good matching approximation to the exact model to further reduce theeda@amputations
to calculate the vehicle collision probabilities. In both cases, its validity hasdmdimmed by
Monte-Carlo simulations.

The model is independent of the particular communication system employedgsdo
its operation can be abstracted and characterized by an appropriatgmassfication delay
including communication latency and driver reaction times. Therefore, itelables the per-
formance evaluation of different technologies. Similarly, different pholity distributions for
the inter-vehicular spacing can be incorporated seamlessly into the modeg the fact that
the distribution of the initial inter-vehicle spacing is independent of the activaisdrivers
make after receiving the warning messages. Here we have used ames#pbdistribution,
which is considered appropriate for low vehicle traffic densities, butgusig-normal distri-
butions is better justified under conditions of high vehicular density. Finalycempute the
probability that collisions occur in different forms (both vehicles in motiore stopped and
one in motion, etc.), which constitutes a promising way to define detailed acadesitity
functions, that is, by assigning different degrees of severity to ealtikion possibility.

Although we have shown some examples of the application of the model, a gtiatita
evaluation requires a careful definition of the scenarios of interest.refdre, in the next
chapter we describe a systematic characterization and evaluation ofdiiffeenarios to com-
plement the results obtained so far.
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Using the stochastic model for
designing and evaluating Chain
Collision Avoidance applications

3.1 Introduction

Simulation is an essential tool to design and evaluate Cooperative/Chain @ofigiidance
(CCA) applications 97, 101]. However, there is a number of issues related to this approach.
First, it usually requires the integration of networking and traffic simulatiofstezhich is not
mature yet and requires further wor&qg]. But, more importantly, available simulation tools
are not directly suitable to model accidents and so cannot be effortlessti/far the design

of cooperative applications. The reason is that current traffic simultdma are designed for
normal traffic conditions and are based on mobility models that are specifit@lgloped to
avoid vehicle crashes, for example, a common metric for the quality of aotawfng model

is that it is intrinsicallycollision-free Therefore, those models have to be modified to account
for collisions which is either not a straightforward task and may lead to wwteg results or

it is difficult to set up controlled experiments. Some of these limitations are pomtednd
discussed in the following sections.

In the previous chapter we derived a stochastic model for the numbearcwfeats in a
platoon of vehicles equipped with a CCA system. The model enables the cdimputithe
average number of collisions that occur in the platoon, the probabilities dfiffieeent ways
in which the collisions may take place, as well as other statistics of interest. Ichidgier, we
discuss its potential as a numerical evaluation tool and as an alternative tatsmuspecially
at early stages of development. Our goal is to illustrate its use by providdatharoughly dis-
cussing application examples. First, the different metrics the model caidprare described,
and its limitations are also discussed. Next, we show how it can be used dsrana@ce eval-
uation tool and check the validity of the results it provides by comparing thiémawailable
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independent results. Finally, the model can be used at an early stagelteeivant guidelines
for the design of CCA applications, by disclosing the influence of kinematiampeters on
the collision process. To exemplify it, we provide an evaluation of diffetgpés of CCA
applications in two scenarios, a freeway and an urban scenario. Bhesarios have been
carefully characterized by extracting appropriate parameters’ distnitsufrom open literat-
ure. The results suggest that enabling a coordinated braking poliaethates the variability
in deceleration and driver reaction time should be the main concern of a @@liaion. It
should be noted that particular numerical results have to be considenpgersbounds on the
expected number of accidents, since the model is based on the strongptesuhat vehicles
cannot change lane to avoid the crash (worst case). Howeverfavére generic scenarios
and simplified systems used as examples, it is able to provide a reasondhigigeiansight
about the relative benefits of different CCA approaches.

The remainder of this chapter is organized as follows. In Se&idrelevant related work
is reviewed. Next, in SectioB.3, the limitations of current simulators are discussed and some
of the performance metrics that the model can provide as output arebaesas well as its
current limitations. In Sectio3.4 the suitability of the model for evaluating the performance
of CCA applications is shown by comparing it with previous results. Se&ibprovides, as
an illustrative example, the evaluation of different CCA systems under temesos. Finally,
conclusions and future work are remarked in Sec8dh

3.2 Related Work

The concept of Automated Highway Systems (AHS) goes back severatide and its safety
benefits have been studied in the past yeas [The motion of a platoon of vehicles is usually
described as an interconnected (automated or not) system, where ongedeautng vehicles
influence the driving behavior of the follower. Platoon safety comes asualtrof proper
stability of the platoon in the presence of perturbations, called string stabilftg. basis of
string stability and safety performance guarantees can be foud@éh |

In the absence of safety guarantees collisions may occur and theydevstodied mainly
by modeling its frequency?f], severity 3] or physical processip, 65, 82]. In the latter case,
very detailed models of vehicle motion and collision dynamics can be foasdBp], but the
equations are completely deterministic, whereas in reality, randomness ysgivesent as an
effect of human behavior or noisy operation introduced by sensather reasons. To account
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for it, the usual methodology is to evaluate deterministic models by applying a Niamte or
stochastic analysis over an extensive range of their paramé&i&2 114].

On the contrary, in this chapter we use the stochastic model proposedpte€havhich
assumes that kinematic variables are random. A similar stochastic appraabk t@und in
[41, 42], where the authors assume the “effective” braking is a random Varaid analytic-
ally compute the probability and expected number of primary collisions and lete/eespeed
at impact in a platoon of vehicles. The inter-vehicle distance and spedt@hicles are
identical, unlike our model, where we consider both parameters as ranaables with a
known probability distribution function. Their analysis is also based on stroegsassump-
tions, e.g., the expected number of total collisions in the string is assumed tomEtpynal
to the expected number of primary collisions. Therefore, they provide arlbaund on the
expected number of collisions. Secondly, they assume that a collision willitégfioccur if
the deceleration of a following vehicle is less than that of its immediate predec&3s the
contrary, our model considers all the ways in which a collision may occdrpaovides the
average probability of each type of collision, as well as an upper baurttid total number of
collisions. In Sectior8.4we validate our model by comparing with theirs.

Carbaughet al. [36] have modeled rear-end crashes and related them to the capacity of
AHS. Our work follows a similar approach in several aspects, thougtsitdlavant differences
as well. Unlike our work, they restrict themselves to only primary collisionsluirrg only two
vehicles. They consider random variables for speed, braking ditipaband reaction times,
as we do. However, we introduce them in the analytical model and compupetftgmance
metrics, whereas they discretize the distributions and evaluate all the paraoratgnations
with Monte Carlo simulations. In both works, parameters have been carefuligcted from
open literature. Finally, in both cases, different types of cooperagecle systems have
been evaluated. The main differences come from the modeling of the ebiwpesystems: in
[36] they are essentially distinguished by the reaction time whereas the spereanethicle
spacing are fixed and constant. In our case, different coopesgttems are not only assigned
different reaction times, but also braking and speed behavior, whicltdoeed to be constant.
Another major difference is that they explicitly relate safety metrics and rapddaity, whereas
we use capacity as an independent parameter and do not explicitly mentibatisTcapacity
is implicitly given by the random variables used to model the states variables\(gtiele

spacing and speed) in the scenarios used in Sedtmband Table3.2 For instance, the free-
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flow highway traffic corresponds approximately to a capacity of 2347Tciehper hour per
lane, by substituting the average speed and inter-vehicle spacing in eg2tio [36].

With the recent assignment of bandwidth and standardization of commung&drorehicu-
lar networks, research interest on cooperative vehicular applicdiemgrown again. Katet
al. [78] show the feasibility and potential of the technologies for the cooperativing. In
fact, improvement of traffic safety by cooperative vehicular applicatisrane of the most
promising benefits of vehicular ad hoc networks. In a recent woikthe authors propose
an inter-vehicle communication framework for the cooperative activeysafstem whose op-
eration is based on the dissemination of each vehicle’s state information ltheowiyeless
network.

As a particular case of cooperative driving, Cooperative Collisionidamace (CCA) tech-
nigues have received special attention in recent years. With CCA syatéassdissemination
of warning messages to the vehicles in the platoon enables them to promptlynreacer-
gency situations. In this way the number of car accidents and the assod@atedje can be
significantly reduced. In128 the authors identify the application requirements for vehicular
cooperative collision warning and achieve congestion control for eeneygwarning messages
based on the application requirements. The authordlijdevelop three cooperative collision
warning safety applications: a forward collision warning assistant, ansgxtgon assistant
and a blind-spot and lane change “situational awareness” assistd4t] lme can find a per-
formance evaluation study of cooperative collision warning applicatioimguke Dedicated
Short-Range Communications (DSRC) wireless standard. All these stodiesdn the com-
munication or implementation aspects of the application. They use simulations that do n
involve crashes and do not provide any results related to safety ané godblems with ac-
curate simulation of crashes that we discuss in the next section do nat Bisgaset al.
[32] present an overview of highway cooperative collision avoidanceitanichplementation
requirements in the context of a vehicle-to-vehicle wireless network, pitinaithe Medium
Access Control (MAC) and the routing layers. More recently, Taehl. [107] proposed an
effective collision avoidance strategy for vehicular networks whicm#clusters of vehicles
that belong to the same group. They also design a risk-aware mediuns @ocel (MAC)
protocol to increase the responsiveness of the proposed CCA schiti@se studies do eval-
uate safety aspects of the systems, but as a complement to the communicdtiaticvaSo
they develop simple ad hoc mobility models instead of traffic simulators or cawioldpomod-

els, and again the problems of accurate simulation of accidents do not &wely.cSeveral
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car-following mobility models have been proposed and analyz&@ [L21], also in the context

of VANET simulation [66]. A thorough analysis of car-following models for accident simula-
tion can be found inJ26, where the authors propose a car-following model that includes by
design accidents behavior as well. Its integration with current simulatorsesfilines to solve
additional issues and at the moment has not been incorporated to avaitdble to

3.3 Simulation and stochastic modeling of accidents

Evaluating CCA applications for vehicular networks requires, as a pis\step, appropriate
modeling of accidents and driver behavior in such situations. That is, @€#&ners need to
understand the processes that lead to crashes and the influencee@ndiystem variables
under such circumstances in order to cooperatively take preventiveunesa However, as we
discuss next, available simulation tools are not directly suitable to reprodigbepsocesses
and so cannot be effortlessly used for designing cooperative C@kcapons.

Whereas modeling of vehicle structural deformation and occupant inhaiebeen widely
studied under different context$(5 and modeling tools are available, current traffic simula-
tion tools are focused on normal traffic conditions and are based on mobildglmthat are
specifically developed to avoid vehicle crashes, for example, a common feetiihe quality
of a car-following model is that it is essentialipllision-free Therefore, those models have to
be modified to account for collisions which is either not a straightforwarkl dasl may lead
to unexpected results or it is difficult to set up controlled experiments. ttid®e3.3.1we
further discuss some concerns which arise when using popular simwdatbrsobility models
to simulate crashes. Later, in Secti®i3.2we discuss the limitations of our stochastic model

and define the performance metrics we will use.

3.3.1 Simulation of accidents with current tools

Simulators based on macroscopic magnitudes are not appropriate to simoidénts; so it is
necessary to resort to micro-simulation. Most popular micro-simulation t8@|8(] are based
on car-following models]21, 12€. In particular, the Gipps model is used by AIMSUI7]
and a modified Krauss model is used by SUMBD|[ Both models are calledafety distance
modelsbecause it is assumed that drivers try to keep a safety distance with tediog
vehicle to avoid accidents. Both of them use a reaction tiparameter and an estimation of
the preceding car comfortable deceleration in order to compute the nexdpsted, which is
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instantaneously updated, together with a maximum comfortable acceleratioe@idrdtion.
The Gipps model is collision free as long as the comfortable deceleration gir¢lceding
vehicle is not underestimatedqf. The Krauss model adds a stochastic perturbation to the
acceleration but it is collision free because the speed is boundedshiety speedt each
updating speed. Moreover, in its implementation in SUMO, every vehicle (eerlknows
exactlythe deceleration rate and reaction time of the preceding vehicle. Finally,tdikgient
Driver Model (IDM), and its imperfect driver variant, the Human Drinéodel (HDM) [116]

are becoming popular for simulation in the last years. The former one is colfigie by design
unless a maximum deceleration is used.

Therefore, in order to simulate accidents, and more particularly chain coiisame has
to modify the models. For the Gipps model, a first obvious approach is to limit thermax
deceleration and remove the safety speed constraint from the modeltaiio almnore realistic
behavior, the reaction time of each driver can be randomized as well astihetion of the
preceding vehicle deceleration. These changes allow to simulate accideatagcextent, but
setting up controlled accident experiments is still hard. The main reasondbishiinat car-
following models lead to an equilibrium state where either all the platoon accelesaie
zero or strong instabilities with oscillations occd2fl]. Then, if a simulation is started with
initial conditions different from those of the equilibrium state it results in an initensient
where all the cars immediately adapt their speed to that prescribed by thé, mbibd tend
to avoid collisions. In other words, the platoon behaves as if there is eecatoe safety
application in place which automatically and instantaneously dictates the neseksdi g-or
example, if one is interested in the influence of small inter-vehicle gap on thdeacs, the
model parameters and initial conditions have to be carefully adjusted tooonerttie automatic
reconfiguration of the platoon. And in many cases it is likely that the model itaslftd be
tuned as we discuss next. The opposite situation is also common, that is, iniisietria
leads to strong instabilities, which propagate backwards and result ipectexi crashes even
before the programmed emergency event. The IDM/HDM model is particudargitive to
initial deviations from equilibrium state.

In addition, the influence of model and simulation parameters on the resultsasvays
clear and in some cases their interpretation is different. For instance, @&igs§auss models
describe the parameteras a reaction time. HDM also introduces a reaction time parameter.

One would expect high reaction times to increase the risk of accidentsisT letus consider a
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simple scenario with two cars where the leading one suddenly deceleratbghtrate. Reac-
tion time is commonly assumed to be the time elapsed since the leading vehicle starketo bra
and the following one perceives the change and starts to brake itselfs tiagher reaction
times would lead to late brake and more dangerous situations. This is actuallyetpeia-
tion and behavior of the HDM model. However, in the Krauss model the leadetion timé
determines what is considered the safety speed by the follower: a hegmion time makes
the follower to choose a lower safety speed, which makes the model colligernfmormal
situations. A first objection is that knowledge of the leader reaction time duteseem real-
istic. But more importantly, that difference makes the results quite the oppdsitgected,
since in practice it determines tlhggressivenessf the driver style. This is a consequence of
the way the model is constructed. In equilibrium cars follow each other with alteadway
that is equal to the reaction time and the safety speed is computed assuminyauoorditions
comfortable deceleration. Thus, low reaction times lead to short time headWdlysn an
accident occurs, decelerations much higher than the comfortable ofe expected. In that
case, short time headways result in more accidents. Eigillustrates this behavior in an
extreme scenario where a platoon of 9 vehicles follow a leader whichk-&0 s stops instant-
aneously. As can be seen in F&y1(b) drivers are more conservative. At the beginning all the
vehicles reduce their speed to comply with the safety speed and keep tilgbdreadways,
which in the end result in few collisions. It also exemplifies the initial automaticshaient
discussed in the previous paragraph. On the contrary, in3Flga)it is shown how vehicles at
the beginning accelerate to reduce its headway and start to deceleratiedatieig to multiple
collisions. In this sense, IDM/HDM provides more flexibility since it separdéssred gap and
reaction time in a more realistic way.

In any case, more details on the analysis of car-following models in the cooftexd-
cidents can be found inLlRg. Our goal here is to simply point out some of the subtleties
involved in accident simulation with current simulation tools. To the best of oonedge,
the only available car-following model that includes by design acciderd\wehis described
in [12€], but integration with current simulators still require to solve additional issurel at
the moment have not been incorporated to available tools. In summary, simagéiccidents
with current simulation tools is neither straightforward nor obvious and naesfud design

and adjustments, in addition to the usual drawbacks of simulation.

IActually, reaction time is the same for all vehicles in the Krauss model.
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(a) Krauss model withr = 0.2 s.
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Figure 3.1: Temporal evolution of vehicle speeds with SUMO and a Krausdehwith different
reaction timer. If there is a collision, speeds drop instantaneously to.zer

3.3.2 Limitations of the stochastic model and performance metrics

In the previous subsection some of the difficulties of accident simulation witkeraitools have
been discussed. In this subsection we propose, as an alternative tatismua@numerically
evaluate the influence of different system parameters as reaction tineel spdeceleration
capabilities on the number of accidents and other metrics. The numericahoalis based
on the stochastic model for chain collisions derived in the previous chapter

The model assumes that all vehicles are equipped with a CCA that sendgriagvaes-
sage when an accident occurs. In that case, it can be assumedvibet dract as soon as they
receive the warning message, and they start braking just after the timedbdyo be aware of
the danger (reaction time). Hence, the total delay is the sum of the warnirsgageaeception
and reaction delays. This reaction is independent of the precedindevékitavior. The main
practical utility of this model lays on its ability to quickly evaluate numerically the imftgeof
different parameters on the collision process without the need to resamritplex simulations
at afirst stage. Such an evaluation provides relevant guidelines fdestign of vehicular com-
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munication systems as well as chain collision avoidance (CCA) applicatiorssliniitations
of the model as well as the performance metrics it can provide are discusse

Our model was derived under the assumption that at least the inter-vepabing is a
random variable. The other parameters (velocity, delay and decelgrasinribe assigned de-
terministic or random values before executing the numerical evaluatione¥wntroducing
too much randomness causes unrealistic results. In fact, it results iniaiséssestimation of
the metrics.

Inter-vehicle distances and velocities represent the state of the systemthdincident
occurs, and so they should be considered random variables in mest tasugh determin-
ing their distributions and ranges require a proper characterization stérario of interest.
Accelerations and delays can be controlled by different means afterdieim, and so de-
pending on the application evaluated they can be considered constesgigmesl particular
values. Indeed, different CCA systems are mainly characterized byteyare modeled. As
an example, let us consider two different CCA systems. The first one isysaharacterized
by a warning message delivered to the platoon that makes drivers stkiridor In this case,
both delay and deceleration should be considered random variablesimgadtéver reaction
time and human-operated braking respectively. The second CCA systefulig automated
braking system that takes over the driver operation and applies a obdstaeleration. In that
case, both delays and decelerations could be considered deterministic.

Randomness allows the occurrence of situations which rarely occutlity feaboth state
and control variables. For the state variables, independence may iresalinples where a
vehicle is traveling very near to its front vehicle and much faster than it, wisicinlikely
to happen in reality, Actually, there is a correlation between the distance from a vehicle to
the preceding one and the relative velocity between th&gh [Unfortunately, this correlation
cannot be represented in the model in its current form, so the numbecideats computed
by it is an overestimation of the actual number of accidents that may occuel aituation.
For the control variables, the model does not take into consideration thalritrer usually
reacts to variations in the driving conditions of the preceding vehicle aféeintident, as in
a car-following approach. That is, if we assign pure random ded®lasait may result in a
driver which decelerates much softer than its preceding vehicles, leaangrash. In a real
situation, the follower would apply a stronger deceleration to avoid the crBshunately,

tActually its likeliness is arguable since this case does occur when a vehickpiaring to overtake its front
one.
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these cases can be corrected since the control variables can beaBsiglyed, as we describe
later in SectiorB.5. Finally, as we said previously, the assumption that vehicles cannotehang
lane or perform evasive maneuvers, often found in literat8e42], results again in an over-
estimation. Anyway, in the next sections we show that in spite of those limitatiomsatel is
suitable for evaluating the performance of CCA-based applications irrefiffescenarios and
the influence of the main kinematic parameters on the number of vehicle collisions.

A variety of performance metrics can be provided by the model, either dinettics,
typically used in literatured2, 107], as well as more specialized ones, indirectly derived from

the former ones, as follows:

e Percentage of accidentsThis is a direct global metric that computes the average per-
centage of collided vehicles in the chain.

e Relative distance.lt provides for each vehicle in the chain the average distance to the
preceding car after stop (in case of collision the relative distance is @§.niétric may
be considered as a measure about the margin of safety available to thHesehic

e Relative speedlt provides for each vehicle in the chain the average relative speed with
respect to the preceding vehicle at the time of collision (in the absence oi@olise
relative speed is 0). This metric may be considered as a measure aboevéhiey f

collisions.

e Types of collisions. As previously mentioned, collisions can occur into four different
ways in a single-lane situation. The average probability of each type ofioaliian be
provided, which can be used by itself or as a weight factor for othévetemetrics.

e Accident severity functions. These are specialized metrics derived by weighting acci-
dent severity indexes with probabilities of types of collisions and other metlissan
example, a collision between two vehicles in movement can be assigned asegbsty
than a rear collision with a stopped one. The average severity index rigeaitaeight-
ing them by the probability of either type of collision. In addition, the averadgtive
speed at the collision can be used to weight again the severity index.

A number of other metrics can be defined, depending on the application evelaation,

though in next sections we only use the first three ones.
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3.4 Evaluation of CCA applications

As said previously, the evaluation of this kind of applications is usually coeduby time-
consuming simulations and needs a considerable prior development efong aur model,
one can quickly evaluate numerically the performance of a CCA applicatidarutfifferent
situations. In this section, we show that our model can provide similar reanliisso it is a
good alternative to simulation, by comparing its output with the results repoyt@ddvious
performance evaluation of CCA mechanisms. The first one is a basic C&ansyroposed

by Biswaset al. [32] and the second one is a more sophisticated mechanism, the Cluster-

based Risk-Aware CCA (C-RACCA) scheme proposed by Tatedd. [107], which are briefly
described next.

e CCA: Upon occurrence of the emergency event, the leading vehicle rapidiyedates

(emergency deceleration, see Tabl8 and starts sending emergency warning messages

to all vehicles behind it. These messages are forwarded in a multi-hop maroreer
to ensure a complete coverage within the platoon. Upon reception of a wanesgage,
a driver reacts by decelerating (with a regular deceleration rate, $e34), even if
the brake light on the car ahead is not already lit.

e C-RACCA: This mechanism dynamically forms clusters of vehicles in the platoon. The

first vehicle of a cluster is the Cluster Head (CH), which is in charge oyirgdgpackets
(e.g., emergency warning messages) from a CH in front to the rest mle®kvithin the

same cluster. This way, the number of redundant retransmissions igceduc

Although the underlying message exchange mechanism is different, mmtedures just
make vehicles decelerate at a constant rate when they receive a wagsagge. Let us remark
that our model is mainly concerned with the effects of the kinematic parametdrdedays
on accidents, unlike those proposals, whose goal is to control the comatiangbroadcast
storm. Since this control effectively reduces the warning message defagults in fewer
accidents and so we can compare with our results.

In fact, our model is intended to be used from a different approach tdekign of CCA
applications: to quickly decide in which scenarios some parameters may hagenthaence
on the collisions and so design the CCA based on it. As an example, in thqeespl® the
main design goal of the communication system is to quickly deliver emergensages but
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Table 3.1: Parameters for the CCA evaluation.

Number of vehicles 20

Vehicle speed 32m/s

Inter-vehicle distance 15m

Emergency deceleration 8m/s?

Regular deceleration 4.9m/s?

Driver’s reaction time U(0.75,1.5) s

Average relative delivery latency CCA: Sl ms
C-RACCA: 6.7 ms

according to our results in some scenarios a low delay is not relevantefauticome, so we

can design a CCA system that trades it off for additional reliability mechanisms

Regarding the use of the model, the key step is to adequately define andthmdeiut
parameters. Kinematic parameters for different scenarios can betegtfeam the literature,
as is discussed in Sectidh5. Warning message delivery delay (latency) is one of the most
difficult to model, since it depends on the transmission range of the noaggsadiet forward-
ing method used, the additional data traffic present in the channel, etcis lcae, we have
modeled it by using the average latency between the reception of the méssage con-
secutive vehicles in the chain, since it was measure@2hfpr different packet error rates.
Nevertheless, it can be characterized in other ways, as for exampkargythe same average
latency for all the vehicles in the chain, but this implies that all of them re¢bwenessage at

the same time.

The kinematic parameters have been set equal to those us€yjifdr both CCA methods,
which are listed in Tabl@.1 Once we have selected the parameters, we run the model 1000
times with different samples of the random parameters and extract themarfoe metrics of
interest. Our model has been implemented with Matlab and it took only 8.65 setmnh all
the samples and extract results on a commodity PC with a quad-core proae3sbGHz and

4 GB of memory.
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Figure 3.2: Performance metrics for the evaluation of CCA and C-RACCAnagisms.

3.4.1 Results

The results obtained by our model for the performance metrics studiedesenped in Fig.
3.2, together with the results provided by the authors of the two CCA mechanisies con-

sideration (tagged as (Biswas) and (Taleb)). From the resultadf yve can only extract data
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for an inter-vehicle space of kh, so we compute the average percentage of accidents only for
this distance. For the basic CCA system we obtain 46.5% of accidents whilerttenpage in
[107] is about 50%. On the other hand, for the C-RACCA scheme we obtain 40f2%ci-
dents, which is very close to the 40% showedlii]]. Both, the results of the model and the
simulation show that C-RACCA outperforms the basic scheme due to its redatzad

In addition, we compare with other metrics reportedlii]]. For each vehicle in the chain,
Figs.3.2(a)and3.2(b)show the average distance to the front car after stopping and the average
relative speed with respect to the front vehicle at the time of collision, ctisply. Again,
both the results of the model and the simulation coincide. The singularity of ghediative
speed in the results comes from the assumption that vehicles stop instantlg of caflision.

The first collision usually occurs when either the lead vehicle is brakingheutollower is
not, or both of them are braking. In both cases, the relative speed aidiment of the crash

is not specially high. However, when they crash the speed drops immediatadyo. Thus,

if there is a subsequent crash with the next vehicle, the relative sperdddyethe speed of
the latter, which is usually high because it started braking recently. Lo@lifgy. 5 in B2,

this same trend can be seen. In B3gR(b)we show a comparison with the results reported by
Fig. 12 in [LO7], which do not show this particularity. It seems that the lead vehicle alss stop
instantly but without further details in the original paper on how their simulatasideen done
we cannot discuss this discrepancy.

Despite slight differences, the results obtained by our model are indarome with the
results presented by the authors of the mechanisms, since our numeaicatien matches
the simulation and shows that the C-RACCA approach reduces both the nafrdmdlisions
and the impact of collisions when they inevitably occur. In this way, we halidated that our
model is suitable for evaluating this kind of mechanisms.

In order to further validate our model, we compare it with a similar numerical ficex
viously proposed based on a stochastic mod#].[In Fig. 3.3 we provide a comparison of
results provided by both of them. We have tried to faithfully reproduce thgiement by
using constant parameters except for decelerations, but our modelsiniseveral aspects,
discussed in SectioB.2 In spite of these differences both models show coincident results.
Our model is more pessimistic, as expected since it provides an upper, vloeickas theirs
provides a lower bound, but the trend is similar. Our model also shows tfegext anomaly

of platoons of size 2, discussed #l].
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Figure 3.3: Comparison with numerical results provided #1].

3.5 Design of CCA applications

In this section we exemplify the use of our model for CCA design by evaluatiogifferent
scenarios under different traffic conditions. It is important to remarkdbaresults provide
broad directions for design at an early stage which would typically beegtfim later stages.
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Our goal is to derive mainly qualitative conclusions about the importancadf kinematic

parameter in the development of a CCA application. The first step is to de@rscémarios
and to model adequately the different input parameters. This step is keg qudiity of the

results and it requires a research effort from open literature to gyogiearacterize the model
parameters. Next, some input parameters are set according to hypdtG&tkasystems and
performance metrics are computed for the different scenarios and cednger instance, we
can test if a hypothetical CCA system able to just remove reaction times etheeaumber
of accidents. Finally, we evaluate CCA mechanisms which could controtadgu@ameters
simultaneously in order to improve the traffic safety.

3.5.1 Scenario and parameter characterization

Let us recall that our model needs that the five input parameters ar@ctdrized, number of
vehicles by a fixed value, inter-vehicle spacing by a random distributidispeeds, delays and
decelerations by deterministic or random values. The first scenario ngiden is the freeway
studied in 122, where three different time periods with different traffic flows werseaived
and characterized:

e Night traffic : very low traffic density and high speed;
e Free-flow traffic: moderate traffic density and high speed;
e Rush-hour traffic: very high traffic density and low speed.

Wisitpongpharet al. [122 showed that during the night period the inter-vehicle spacing
can be modeled by an exponential distribution, while during the other time gettiediog-
normal distributior provides a better fit. Moreover, they showed that regardless of the time of
day, the speed of vehicles follows a normal distribution. The probabilityilligions used for
these parameters are given in Tabla

The second scenario we consider is the urban scenario studiEglnWhere two different
time periods were considered:

e Peak hours the traffic is in congestion status;

The probability density function of a log-normal distribution is:

1 _(nz—w?
e 202 x> 0.

flzyp,0) =

xo/ 2T
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Table 3.2: Probability distributions for the vehicle speed and intehicle distanceN, EXP, LN
andLL represent the normal, exponential, log-normal and logstagdistributions respectively.

Scenario Vehicle speed | Inter-vehicle distance
Night N(30.93,1.2) m/s | EXP(256.41) m
Freeway Free-flow N(29.15,1.5) m/s LN (3.4,0.75) m
Rush-hour N(10.73,2) m/s LN(2.5,0.5) m

Peak hours | N(6.083,1.2) m/s | LL(1.096,0.314) m
Non-peak hours | N(12.86,1.5) m/s | LN(0.685,0.618) m

Urban

e Non-peak hours the traffic is in free-flow status.

Yin et al. [137 showed that the headway data (and so the inter-vehicle spacing) can be
modeled by the log-normal distribution for peak hours and by the log-logiistidlalition® for
non-peak hours data. Tale2 shows the parameters used for these probability distributions.

At this point we have the input data for the inter-vehicle distance for all ¢teearios and
time periods, as summarized in Talde€. We use other references to extract the rest of the
parameters needed by our model. Let us recall also that delayl’. ; + ), ; is actually the
sum of message transmission time (latency) and driver reaction time, so é/tora@racterize
both of them.

e Driver'sreaction time. Taoka [L09 estimated the distribution of the driver reaction time
by fitting a log-normal distribution to the data collected by Michael Sivak, adsal by
[36]. We use then a log-normal distribution with mear1 s and standard deviation
0.63 s for the driver reaction time;, ;.

e Warning message delivery latencyAccording to Fracchia and Me®]], the average
time needed by the warning message (using a probabilistic broadcastingey¢heeach
the farthest node in an area of 2 Km is always urtdérs. So, we will use this value for
the message latency,, ;, as an upper bound.

The probability density function of a log-logistic distribution is:

Inx—p
e o
fla;p, o) = 5, x> 0.

Inx—p
ax(1—|—e e )
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e Deceleration. We assume that the first vehicle deceleratei$at: /s (which models a
vehicle colliding with a fixed obstacle and stopping within a very short dis)aritee
rest of vehicles will decelerate at their maximum braking capabilities3éhthe authors
show that this braking capability (considering light passenger vehictedrgrpavement)
fits a normal distribution with meah01 m/s? and standard deviation01 m/s.

Therefore, during the model initialization we fill the input vectors of spedédselerations
and delays with a random sample of the appropriate distribution. As we destirs Section
3.3.2 setting pure random values to all the parameters results in unrealistic.viabramately,
it can be corrected by adjusting the values during initialization. Therefagdruncate all the
normal distributions within a sufficiently wide range, for instance deceleraditept between
5.5m/s? and8.5 m/s?. In addition, when setting the value of consecutive vehicles in the input
vector of speeds and decelerations, we do not allow the relative speeédse relative deceler-
ations to exceed a certain threshold. This way we keep the parametarsadlyseandom but
avoid unrealistic situations in both the initial state, like a vehicle driving muchrigsaa the
preceding one, and the braking process, like starting to decelerate tanmthsoft.

3.5.2 Influence of isolated controlled parameters

In this subsection we evaluate the influence of each one of the parametepsimdently of the
average number of accidents. The goal is to evaluate the effects dhleyical CCA systems
on the number of accidents. A basic CCA warning message system is assysed to be in
place, since it is the main assumption of the model, so vehicles are notified whecidhent
occurs. Additionally, a reactive CCA application may control delays, wittctmmunication
system, and decelerations, with some automated control response to thegwaassage.
Assuming those systems are used allows to set arbitrary values to them, iokteadiom
variables. In order to assign deterministic values to speeds it would requassume the use
of a proactive CCA system, that is, a system that keeps the relativesspieshicles within a
certain range at any time.
To test these possibilities, in Fi§.4we compare the average percentage of accidents that

occurs in a chain of 20 vehicles driving in the described scenarios withltbeing conditions:

e Human braking: the drivers are only informed about the emergency situation and they
react on their own. Reaction times, speeds and decelerations are ramgdome extent,
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Figure 3.4: Influence of the principal kinematic parameters on the ayeepercentage of accidents
for the scenarios under evaluation.

since they are human-controlled, which means that all the parameterssiayeegisthe
random distributions specified in the previous subsection.

e ) constant: a CCA system is able to automatically start braking, so delay is fixed and
equal t00.1 s for all the vehicles in the chain. The rest of the parameters follow the
distributions specified in the previous subsection. It means that decefsratio still
subject to random variation.

e aconstant: a CCA system makes all decelerations be equéttg s for all the vehicles
in the chain. The rest of the parameters follow the distributions specified jpréveous
subsection. In this case, random driver reaction time is present.

e V constant: a proactive CCA system makes the speed constant and equal to thgeavera
speed of the scenario for all the vehicles in the chain. The rest of tlaengéers follow
the distributions specified in the previous subsection.

Let us note that fixing delays and decelerations independently is sometrealigtic. A
delay system able to automatically start braking, thus removing the driveioedéime, should
brake in a controlled way. However, we are not concerned at this paimthe feasibility of
these systems, but just evaluate the effect of controlling each one ofittegppl kinematic
parameters.

In all the cases the most significant reduction in the percentage of atzidaibtained by
controlling the delays. Therefore, the main goal of a CCA application shoeilth remove
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Figure 3.5: Influence of the deceleration rate and the vehicle speedeoretative distance and the
relative speed for Free-flow traffic in the Freeway scenario.

the variability of the drivers’ reaction time and make cars start braking sinadtzsty. Hence,
although a warning message may help reduce the number of accidents edrtqpap CCA
application at all, to be really effective it needs additional measures ingplaking over driver
control. In fact, the message delay is not actually relevant to the outconeeisimeven in the
worst cases, one order of magnitude lower than the driver reaction tidghtiénally, for low
and medium speeds it seems to be more necessary to control the speect tlacelleration
rate.

On the other hand, in high speed scenarios, controlling the deceleragosmncithe speed
results in a similar reduction in the percentage of accidents. Besides, in3Hgwe can
observe that for the Free-flow traffic in the Freeway scenario (the abNight traffic results
in a similar performance) controlling the deceleration rate, the metrics of reldigtance and
relative speed show a slightly superior performance than controlling tregsput there is not
a significant improvement.

3.5.3 Influence of combined controlled parameters

In the previous section we evaluated the influence of controlling some pemaniedepend-
ently of others. In this subsection, we evaluate “more realistic’ CCA systassdoon the
results obtained previously, where the system would be able to conteybs@arameters sim-
ultaneously as follows:

e Automatic braking. A reactive CCA mechanism that allows the automatic braking
of the vehicles in the chain, that is, when the vehicle receives the warnisgage it

82


3_Using_model/figures/EPS/Fig6a.eps
3_Using_model/figures/EPS/Fig6b.eps

3.5 Design of CCA applications

immediately starts to brake, although the driver is not yet aware of the rigkid case
we can assume that the delay of braking and the deceleration rate am@ledr(fixed)
by the application, whereas the rest of the parameters follow the distribgjp@ified
previously.

e Automatic braking + Speed control A proactive CCA mechanism that controls the
speed of vehicles before the emergency situation, in addition to allowing tbmatic
braking of the vehicles in the chain. In this case delays and decelerat®es@stant
and equal to = 0.1 5, a = 8 m/s?, whereas the inter-vehicle spacing follows the
distribution specified in the scenario description and speed is constaetjaatito the
mean of the distribution.

e Human braking + Deceleration adaptation In the previous subsection we described
the “Human braking” behavior. Now we assume a more realistic situation in which
the driver adapts its deceleration rate to the velocity and deceleration ofdbeding
vehicle. In Sectior8.5.1we mentioned that to avoid unrealistic results, the random
samples are forced to be within certain ranges. Here we additionally asstatieral
deceleration, that is, when the initial deceleration vectors are filled it iskekethat
the random sample is within the range, but also that the relative valuesaaaneble.
For example, if the preceding vehicle is braking at a high rate, it is not tiedhst the
follower brakes softer and let itself collide, so its deceleration is set to @&higtiue, but
not above the maximum deceleration. Or if relative speeds seem to allowts stdp,
it is set to a comfortable deceleration.

e Brake assist A mixture of human braking and automatic braking. If the driver has not
reacted and started to brake (with rational deceleration) after a given tigshtid, the
system automatically starts braking at a constant maximum deceleration. €bbdi
has been set t@84 s which is the mode of the log-normal distribution providedif§.

This case models the behavior of current brake assistance systemssaitay the most
likely CCA to be deployed in the near future.

Fig. 3.6 shows the average percentage of accidents that occur in a chain ehzlleg
driving in the described scenarios when these types of CCA mechanisnis gperation as
well as both types of human braking. Since our model provides upperdsaan the number
of accidents, instead of focusing on the particular absolute values it sshihosnore useful
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Figure 3.6: Average percentage of accidents for different CCA proosathe scenarios under
evaluation.

to compare qualitatively different systems. Looking at the figure, it candieed that the
percentage of accidents in the case of rational deceleration adaptatiorchslomer, more
than 50%, than when it is not considered. But even considering this hbrakimg behavior,
more sophisticated CCA applications still reduce the percentage of accitletitss sense, our
results agree with previous studi€$]41], as expected.

Brake assist, as we said, models approximately current systems and is tHikehp€CA
to be deployed in the near future. Its performance is between rationalrhanthautomatic
(coordinated) braking as should also be expected, but still much clodamtan braking,
showing that there are still potential gains from enabling systems with mogecaimn, as
automatic braking. In fact, these gains are dependent on the reactishdfthewhich should
be carefully selected.

In high speed scenarios (Free-flow and Night period in the Freewenyasio), automatic
braking, i.e. coordinated deceleration, effectively reduces the nuoflbecidents with respect
to human braking variants, even up to 50% of a Brake assist system kiléwed here would
be a remarkable reduction in the percentage of accidents if we could engalegl sontrol in
addition to automatic braking, but it would require a much more coordinateddiypdiS,
which would be close to the Platooned Vehicles concept discusse&ib]in Development of
such a concept is still technically challenging, whereas implementation aficaded braking
policies seems to be more likely in the near future. Speed control benefiardicilarly clear

in the Night scenario, where large inter-vehicle spacing makes perfogwdmll the variations
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Figure 3.7: Comparison of the relative distance and the relative spetgden the two CCA
proposals for Rush-hour traffic in the Freeway scenario.

of deceleration control practically equal, whereas control of speaddaaxctually reduce the
accidents.

However, in low and medium speed scenarios (Urban scenario andiRuslin the Free-
way scenario), there are no significant differences between the moreicated CCA policies
(automatic and speed control). Besides, if we observe Figit can be seen that for the case
of Rush-hour in the Freeway scenario (the cases in Urban scensuibirea similar perform-
ance), the severity of accidents and the margin of safety are very simileelhsin fact, in
these scenarios Brake assist is able to remove most of the collisions.

According to these results, it would seem sound to focus on the desigcarperative
CCA system which is able to notify about incidents and, in case of emergapply a co-
ordinated braking policy according to the known status of the surroungihicles. A less
ambitious system based mainly on control of delays, as the Brake assidtcanding relev-
antimprovements in most of the scenarios considered. On the contragparative system to
control speeds poses much more technical challenges and its cost-taimeis not so evident
at a first approach. As a summary of this section, we have exemplified hasetour model to
draw qualitative and quantitative results about the influence of the diffeegrameters for the
design of CCA applications and have described the key steps.

3.6 Final remarks

In this chapter we have shown how CCA mechanisms can be evaluated ralipdycusing
our stochastic model as an effective alternative to simulation. We havesdestthe limitations
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of current traffic simulators for accident simulation. We also discuss ouletisdimitations,
validate its results against available previous results and provide andgsliabundant applic-
ation examples. The main limitation of the model in its current form is that indepeede
between state input variables, relative velocity and inter-vehicle spasiagsumed, which is
not realistic in many cases and introduces too much randomness leadingitoipgs results.
It can partially be corrected by adjusting the input variables and theirvelasilues, as we
have discussed.

We have illustrated its capabilities as an assessment tool for CCA applicatigm déhile
describing the working methodology. To this purpose, we have evaluéfededt types of
CCA applications in two scenarios, a freeway and an urban scenar@reshlts suggest that
the variability due to the drivers reaction time is the main cause of accident® aacheving it
should be the main focus of a CCA application. This could be possible by atitdmnaking,
that is, when the vehicle receives the warning message it takes oveolcmdrimmediately
starts to apply a coordinated braking policy, even though the driver iyetcaware of the
risk. This is one of the different CCA systems discussed. Results rédvaiathe benefits
of implementing this CCA are relevant. On the contrary, results show that thefitseof
implementing a much more challenging cooperative system, able to coordinaigsspee
marginal in most of the cases. In any case, our main goal has been tdlshowdel potential
as an aiding design tool rather than proposing a particular CCA system.

As future work, we intend to enhance the model in order to deal with the mexatiim-
itations. So, the first step is to introduce bivariate distributions in the model, tareagtate
variable correlations, increasing the model accuracy. As a seconitl steyid be necessary to
find appropriate joint distributions for speed and inter-vehicle spacihgreTis actually a lack
of empirical models that jointly describe inter-vehicle spacing and speed. 8imilee have
shown how to characterize the input variable distributions by using statistmddls proposed
in the open literature, but additional efforts in the empirical characterizafiaeceleration,
reaction times and communication delays are clearly necessary.
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MAC contention distributions for
efficient geo-routing in vehicular
networks

4.1 Introduction

Communications for Vehicular Ad-Hoc Networks (VANET) have been tgped and stand-
ardized in the last years. At the moment, a Dedicated Short Range Commumi@8&C)
bandwidth has been allocated to vehicular communications at 5.9 GHz, andrhetitan and
European standard&Z] have adopted IEEE 802.11p as physical and Medium Access Control
(MAC) layers, based on Carrier-Sense Multiple Access with collision avmd (CSMA/CA)

[16].

At the network layer, European standardé,[17, 18, 19, 20, 21, 23] specify the GeoNet-
working protocol as the default network layer protocol for vehiclestbicle (V2V) commu-
nications. It is a geo-routing protocol, that is, packets forwarding iedbas the geographical
positions of the nodes. GeoNetworking supports the communication amorglusaldil TS sta-
tions, as well as the distribution of packets in geographical areas. Ibtireesnode does not
belong to the destination geo-area, then the packet should be forwamteckaching a node
which belongs to this area, which takes care on delivering the packet testmation. As
basic forwarding algorithms, the standard propdse=edy Forwarding and Contention-Based
Forwarding (CBF) [54]. With the former, the source selects the most distant known neighbor
as the next forwarder. With the latter, the packet is broadcast andeeailier station decides
whether it becomes the next hop (forwarder router) according to itigrosJpon receiving a
packet, all routers start a timer whose timeout depends on the specific paditiee receiver,
usually inversely proportional to the distance to the source. The majontdy@of CBF is

that it provides an implicit reliability mechanism in case the most suitable forwamks not

89



4. MAC contention distributions for efficient geo-routing in vehicular networks

receive the packet, which in highly dynamic environments, such as thbssulas networks,
is quite likely.

As defined in the standard, CBF is completely implemented at the network lagwevdr,
CBF might be also implemented directly at MAC layer. Implementing CBF at MAC layer
should result in lower delays than network layer operation, since fdinguiand access delays
are integrated. Moreover, CSMA/CA mechanisms can be controlled withadgpaameters,
like contention window size and intervals as well as the probability distributiothi® slot
selection, which results in multiple degrees of freedom to optimize MAC operaticording
to the most critical functionality offered by the network. For instance, suclptimization
should benefit safety and emergency related applications, which reraruilt on top of the
functionality of the geo-routing protocol. As drawback, implementation at tA€Nayer may
be potentially more complex, requiring at least firmware modification.

CBF operation synchronizes medium access of all nodes, that is, eiVees of a packet
immediately become potential forwarders and contend for the medium. In thisuyber situ-
ation, in [L1Q] it is shown that there exists an optimal distribution for the contention slots that
maximizes the contention success probability. Although the optimal distributiorotle im-
plemented in practice, geometric distributions approximate the optimal one. Whtlaslistri-
bution the conditional access probability in case of success is uniformljbdigtd among all
the contenders. However, the main goal of CBF is to prioritize the acceks afost suitable
node according to its position. Therefore, our objective is to find a mésmahat prioritizes
access based on position while retaining the good properties of geometitoutisns.

The remainder of this chapter is organized as follows. In Secti@nve briefly review
the related work. A MAC-layer CBF scheme that prioritizes access acgptalinode position
is proposed in SectioA.3. In Section4.4 we analytically evaluate the total and per-vehicle
success probabilities and the average delay bounds. Finally, some diogctemarks are

presented in Sectiofh5.

4.2 Related work

Because of the dynamic nature of the mobile nodes in the network, findinghamdaining
routes is very challenging in VANETSs. Routing in VANETSs (with pure ad hothdectures)

has been studied recently and many different protocols have beerspihpl he authors i18f]
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classify them into five categories as follows: ad hoc, position-based, chested, broadcast
and geocast routing.

The objective of a geocast routing9 is to deliver the packet from a source node to all
other nodes within a specified geographical region. Most geocdstgouethods are based on
directed flooding, which tries to limit the message overhead and networlestiog of simple
flooding by defining a forwarding area and restricting the flooding insideNibn-flooding
approaches are also proposeég,[77], aiming to limit the number of concurrent packets within
the network.

We are particularly interested in the methods that use the contention scheraeviAth
layer to select the next forwarding node. This is achieved either bytiadepe time when to
forward the packet or by introducing rules on whether a given vehidald forward the packet
at all as in p4]. If CSMA/CA is used at the MAC layer, not only the contention window size
may be selected!p] but also the distribution function used for the selection of the contention
slots may be specifically adaptetiy. In this paper, we use the latter approach, adapting the
method in L10 not only to reduce the message overhead, but to prioritize the retrafmsmiss
of the packet by certain nodes (e.g. the farthest node).

4.3 Adaptations of Sift for prioritized access

Sift is the contention technique proposed iri{] for event-driven networks where a set of
nodes tries to send a paclginultaneously That is, when there are synchronized channel ac-
cess attempts among many nodes. The key idea in Sift is to use a hon-unigommetgically-
increasing probability distribution for choosing the slats.( . , C'WW) within a fixed-size con-
tention window ('), rather than varying the window size as in many traditional MAC pro-
tocols. The resulting protocol performs well when the number of nodeggytity send data is
large in relation ta”' W, therefore it scales well when the number of contenders grows.

The Sift protocol assigns the probability that a node chooses the atot

pow (r) = W a7, r=1,...,CW, 4.1)

where0 < a < 1 is a characteristic coefficient that determines the shape of the probability
distribution.

Let us note that using CBF for GeoNetworking implies that all the packetbragcast.
In this mode, there is no reliability mechanisms, such as acknowledgmentqaake every
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transmission is independent of each other. In addition, all receivingshbdcome potential
forwarders (contendersjmultaneouslyWhen a node wins the contention, it rebroadcasts the
packet and the process is exactly the same, and actually keeps on thiswwafieipacket
reaches the destination area.

Therefore, we might expect that Sift as contention distribution optimizes plkeaton
of GeoNetworking hop by hop. However, with the Sift distribution, all thbigies use the
same distribution for the slot selection, so all of them have the same probab#iticoess in
accessing the channel. On the contrary, for many applications in VANE$s&eded that
certain vehicles have a success probability greater than the rest of thehearfexample is
the usual GeoNetworking scenario described in Sectidnwhere the node located farthest
away should have priority access. In summary, our purpose is to depigiogol that assigns
higher success probability to the nearest node to the destination, but id#eyaasing the total
success probability. This is achieved by allowing that each vehicle usésraut probability
distribution for the slot selection, based on its own position. Next, we peogersations of Sift

that retain its benefits but adapting the operation to the needs of the Geaklatyarotocol.

4.3.1 Weighted Sift

The first method we propose is to weight the Sift distribution according toebyective po-
sition of vehicles within the transmission range of the source node, givirighethsuccess
probability to the farthest nodes.

Considering the number of contending vehicles equaNtoeach one of these vehicles,
i€ {l,...,N}, wil choose the slot € {1,...,CW — 1} with probability

gow (i,7) = vi - pew (1), 4.2)

while the probability of vehiclé choosing sloCW is

cw-1
gow (i,CW) =1—~ > pew(r), (4.3)

r=1
wherepcyy is the Sift probability distribution ove®' 1V slots, as defined in equatiof. ().

The following step is to select properly the coefficients with the condition that they

should be bigger for the farthest vehicles. Sincedhg (i,7), r € 1,...,CW, constitutes a
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probability distribution, the sum of the firéti/ — 1 probabilities should be less thanFrom
this observation we obtainy < 1/ S~ poyy ().

Let us define .

CcW-1
Vi = Wi - ( Z pCW(T)> ) (4.4)
r=1

with w; € (0,1) fori € {1,...,N}.
In order to assign higher valuesof to the farthest vehicles we use the following inverted
and truncated exponential distribution:

(4.5)

where R denotes the transmission range of the source nodéae position of vehiclg in R

(with respect to the source node) and finallydenotes the cumulative distribution function of
an exponential distributidn Let us remark that knowing the exact number of contenders is not
required for this procedure.

4.3.2 Per groups Sift

The second method we consider is to divide the total number of vehicles ifecedif groups,
depending on their priorities. In particular, as we assume the priority i dpyehe position,
we divide the transmission range intbintervals. The group of vehicles placed in each of these
intervals selects their contention slots by using the Sift probability distribution diftrent
values for the contention window (lower values for higher priorities).

Therefore, to each group of vehicles, j € {1,...,C}, we associate a contention window
CWg;. So, the probability distribution used by all the vehicles in that group is theroln

hCWGj (r) = Pows, (r), re{l,... ,CWGJ}, (4.6)
wherepCWGj is the Sift probability distribution ovef'W(; slots, as defined by equatiof. {).

4.4 Comparative Evaluation

In this section we present a comparative study to show the performatioe pfoposed meth-
ods as forwarding algorithms.

"Here we use an exponential distribution with me&8, but its choice is quite arbitrary. A study of the most
appropriate parameters is needed.
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We consider a one-dimensional scenario in which vehicles are uniforntjbdied. The
transmission range is assumed to be constant and equal to 300 meterstiier \@hicles,
and each vehicle knows its own position in the road segment. We assumeténad &fst
transmission of the packet from the source node, all the vehicles in ttsartigsion range have

received correctly the packet and all of them contend to be the nexarfder.

We are concerned here exclusively with the probability of success girtdposed distri-
butions, rather than the actual reception probability, which also deperfdsiimg and channel
error. We only need to know the total number of contenders and their pasftio the analytic
computations. In fact, a real implementation of the proposed protocols onlidwequire to

approximately know the transmission range and that each vehicle woulditexawn position.

4.4.1 Performance metrics

Assuming that there ar& vehicles contending to be the next forwarder, and the size of the
contention window i1, for each protocol we construct a matixof dimensionN x CW,
whereP (i, j) is the probability of node selecting backoff valug. Then, using this probability
matrix, we compute the following stochastic metrics.

The probability of a successful transmission (of any node) in the%las calculated as
the sum of the probabilities that one node selectsrséotd theN — 1 remaining nodes do not

choose slots from the range bf. . ., ~, which is given by the expression:

N N r
s=1

i=1 j=1g#i

The probability of a successful transmission for an arbitrary veHiglén any slot) is
calculated as the sum of the probabilities that the node selects one slot thredaherN — 1

nodes choose later slots, which is given by the expression:

CW—-1 N r
Oy,(P)= > PG ][] (1—ZP(j,s>>- (4.8)
r=1 j=1,j#1 s=1

Immediately from equation4(8) we can compute the probability of a successful trans-

mission for the last group of vehicles and the total probability of a suadesahsmission as
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follows:
Mpe(P) = > Iy (P), (4.9)
i€eLG
N
I (P) = > Ty, (P), (4.10)
=1

whereLG is the last group of vehicles, that is, the nearest group of vehicles teettmation.
Additionally, we compute the mean winner vehiclef*) and the mean slot numbet/{)

in which the successful transmission occurs, provided that the transmatgeonpt is success-

ful:
vy iy iy (P)
veh*(P) = 7 (P) , (4.11)
sI*(P) = 1HT ) : (4.12)

Finally, we will compute a lower and upper bound on the delay incurred bpdoket to
reach the destination area in the described scenario. As a first stepnmpeite these bounds
for one successful transmission, as it is donelihd. Let us call L(P) to this delay, and

T

packet 10 the time duration (in slots) for a packet transmission. If there is a collision,ttee

delay is at leasT ¢, SO
L(P) > (1 - HT(P)) : Tpacket = LBl<P)~ (4.13)

On the other hand, if there is a successful transmission in one rounchtdntion, its
latency issl*(P). If there is a collision,L(P) is at mostCW + Tqcket + L(P). Hence,
L(P) < IIp(P)sl*(P) + (1 = p(P)) (CW + Tpacker + L(P)), and simplifying, we obtain

the expression for the upper bound

UB,(P) = si*(P) + (HTl(P) - 1) (CW + Thacket)- (4.14)

Now, for the total average delay, the lower and upper bounds are ¢edhasi follows:

LB(P) = LB (P) - hops(P), (4.15)
UB(P) = UP,(P) - hops(P), (4.16)
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respect to the number of contenders. group of vehicles, with respect to the number of con-
tenders.

Figure 4.1: Total probability of a successful transmission and prolifglaf a successful transmis-
sion for the last group of vehicles, with respect to the nunabeontenders.

wherehops(P) is the average number of hops needed by the packet to reach the destinatio
area when the matriP is used for the slot selection. It depends on the distance of the average
winner vehicle and the destination area to the source node, denotédtaseh*(P)) and
dist(Dest), respectively. It is computed as follows:

dist(Dest)

hops(P) = o e ()

(4.17)

4.4.2 Results

The total probability of a successful transmission and the probability otceessful trans-
mission for the last group of vehicles are shown in Figurdga)and4.1(b) respectively, for
the two proposed protocols, as well as for the original Sift protocolfana basic Conten-
tion Based Forwarding (CBF) algorithm. The number of vehicles is variéadsn 10 and
100, while the contention window is always fixed to 32 slots. ForRbe groups Siftpro-
tocol, 3 groups are used and the corresponding contention window& a& and 32 slots.
For the basic CBF mechanism, we assume that nodes select theasltite closest integer to
CW (1 — dist(V;)/R) with probability 1, whereiist(V;) is the distance from the node to the
source.

It can be seen in Fig4.1(a)that when the number of vehicles is small (up to 30) the
success probability for the CBF is 1, clearly outperforming the other pottocHowever,
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Figure 4.2: Probability of a successful transmission for each vehicle.

when the number of vehicles increases, the success probability becpbezmQse more than
one vehicle is always close enough to select the same slot. On the cathieasther proposals
scale much better, maintaining almost the same success probability. The saméhadtk
probability of a successful transmission for the last group of vehicligs 4FL(b)).

Let us recall that our main goal is to give higher priority to the farthesickehOur pro-
posals achieve this goal and outperforms other possibilities. Looking attRi¢p)again, the
total success probability for th&eighted Sifts slightly superior than Sift, whereas for tRer
groups Siftit is significantly lower than the others. Nevertheless, when we obsengitivess
probability of the last group of vehicles (Fid.1(b), both theWeighted Sifand thePer groups
Siftclearly outperform the original Sift protocol.

In Fig. 4.2the probability of a successful transmission for each vehicle is shown tilee
number of contenders is fixed to 20 (F2(a) and 50 (Fig.4.2(b).
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Figure 4.3: Probability of a successful transmission in each slot.

As shown in Fig.4.2(a) the probability of basic CBF is concentrated on the last vehicle,
but when the number of vehicles is 50 (Fig2(b) the success probability drops to zero for all
the contending vehicles. For the two proposed protocols we can seeibditgr 4.2(b) how
the probability grows when approaching the last vehicle/group of vehicles

In Fig. 4.3 the probability of a successful transmission in each slot is representea wh
the number of contenders is fixed to 20 (Figg3(a) and 50 (Fig.4.3(b). For the first case,
we can observe that the probability for the CBF is concentrated on thelfitsbut when the
number of vehicles is 50 the success probability is zero for all the slotkihgat Fig.4.3(b)
we can observe that tHeer groups Sifgives a high success probability to the first few slots.
On the other hand, the original Sift outperforms Weighted Siftn terms of the slot success
probability, since the latter gives more success probability to later slots, witobases the

forwarding delay. It seems that Sift would perform slightly better in termdetdy. However,
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4.4 Comparative Evaluation

Table 4.1: Lower and upper bounds on the average delay for one suct#assfsmission.

Protocol Lower Bound (slots)| Upper Bound (slots
Sift 3.08 14.31
Weighted Sift 2.57 17.54
Per Groups Sift 8.63 26.09
110 T
—8— Sift LB
1001 | o weighted Sift LB 1
gol | —¥— Groups LB i
—&— Sift UB
8ol | —©— Weighted Sift UB i
Groups UB 1]

Average delay (slots)

0
400 450 500 550 600 650 700 750 800
Destination (m)

Figure 4.4: Lower and upper bounds on the expected delay incurred byabkepto reach the
destination area when it is situated at different distafimes the source node and = 300 m.

if we actually consider the average delay to the destination, that is, the multirteoy-to-end

delay the results are different, as discussed next.

We consider a multi-hop scenario, where the destination area is situatefeagrifdis-
tances (ranging between 400 and 80Pfrom the source node, witR = 300 m. We assume
the time duration of a packet transmission to be 30 slots, and the number ofegehiche
transmission range equal to 60. For each protocol, the lower and upped® on the aver-
age delay for one successful transmission, computed through equ@titgsand @.14), are
shown in Table4.1, whereas the lower and upper bounds on the total average delay ko reac
the destination area are shown in Fi§4. Thus, when we take into account the number of
hops needed by the packet to reach the destination area, we can sé¢leehbeighted Sift

outperforms the usual Sift, unlike tier Groups Sift
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4.5 Final remarks

In this chapter we studied CBF mechanisms for GeoNetworking implemented &t I/er

and considered two schemes that use geometrically-distributed contentsrVgéohave ana-
Iytically evaluated the total and per-vehicle success probabilities and thegavéelay bounds
and compared them with a basic CBF mechanism and the original Sift prot@colresults

show that a weighted geometric distribution effectively prioritizes the adizesed on position
for a wide range of vehicle densities, while retaining the benefits of geomletiigtributions

with respect to success probabilities and delay bounds. In particulde svliCBF mechan-
ism with static timers needs to adapt the contention window size to the numbertehders

to avoid packet collisions, the proposed mechanisms scale gracefullyoandtaven need
to know the number of contenders. With respect to the end-to-end delag, the computed
lower and upper bounds are weak, a realistic simulation is needed to showeh®enefits of
the proposed protocols, which is performed in the next chapter. On thelwhd, we have ar-
bitrarily fixed several parameters of the distributions, e.g., the window §leerefore, a more
detailed study on how to choose the more appropriate parameters and themdefis needed.
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A survey and evaluation of MAC
contention techniques for efficient
geo-routing in vehicular networks

5.1 Introduction

As mentioned in the previous chapter, the standard CBF is completely implemeritezl a
network layer. However, CBF might be also implemented directly at the MAG layerder
to optimize its operation. For instance, implementing CBF at MAC layer shouldt resower
latency, since forwarding delay is removed and only access delay collmtsis an example
of cross-layerdesign, which is widely used in vehicular network®][ Cross-layer design
allows information to be exchanged and shared across layer boundaedeinto enable
more efficient and robust protocols. Over the last years there hae d@umber of such
cross-layer proposals aimed at optimizing the operation of geo-rol88df, 94] as well as
general purpose MAC approaches which could also be used quitéivefe in this framework
[96, 11Q.

In this chapter we provide a survey and comparative evaluation of therslegant MAC-
network cross-layer proposals in the context of vehicular networkes fadus on contention-
based MAC mechanisms for wireless nodes. The majority of them are baslkeel GSMA/CA
mechanism, whose operation and performance can be controlled bglgmmeters, namely:
contention window size, random and deterministic carrier sense intervelsliaas the prob-
ability distribution for the contention slots selection. Overall, it results in multipleakgyof
freedom to optimize the medium access operation according to the most criticiibhality
offered by the network. In particular, for vehicular networks, the mosomgmt functionality
is the delivery of geographically-addressed messages, which as neshliefore is performed

by the GeoNetworking protocol. In some cases, this delivery might be ¢rifaainstance,

101



5. A survey and evaluation of MAC contention techniques for efficiat geo-routing in
vehicular networks

in safety-related applications which rely and are built on top of the funditgra the geo-
routing protocol. In that case, optimizing the operation of the MAC layer may tesign re-
quirement. Not only emergency messages benefit from optimized operatlumMAC layer,
but also more general-purpose applications, since all of tveonk on top of GeoNetworking.
In the survey part of this chapter, we discuss both, techniques spdgifacidressed to
vehicular networks as well as general-purpose proposals, whicheadapted to VANETS.
For the evaluation, we focus on the most critical functionality, that is, theetglof emergency
messages to a particular location in multi-hop scenarios. Thereby, we intdefiite a baseline
scenario and a comparison as fair as possible of the performanceesédifproposals.

The main contributions of this survey are the following:

e We provide a unified formal description of the discussed techniques in tdriing form
that takes both the random and/or deterministic delays of the contention nsuhan
Unlike previous works39, 84, 127], we do not only qualitatively describe the operation
of the contention mechanism, but also extract a more precise mathematiagbtitmsc

of it, which is later used in a common evaluation framework.

e We provide a common framework for the analysis of the performance ofittesemt
techniques in the baseline scenario and define several metrics of int€hedtis, we
perform a simplified stochastic analysis of the proposals. The resultsacefer one-
hop scenarios and approximated, yet accurate enough, for multi-eoarsss, as we
shall show, which makes it a useful numerical tool for a quick evaluatfarew pro-
posals and mechanism variations, as we also illustrate with examples. Moriéase
specifically aimed at the case in which vehicles select their contention slot$aredif
ways, unlike other available models3 100, 118 124.

e The evaluated proposals have been also simulated to validate our resul{zovide
a thorough evaluation of the different proposals for both ideal anlistieascenarios
and compare them with the basic CBF mechanism specified by the standaresQlts
show that there is little difference between them under realistic channgitioors, which
should be taken into account in the design of new proposals.

At least most of the Vehicle-to-Vehicle (V2V) applications, since the stehdpecifies it as “a network layer
protocol that provides packet routing in an ad hoc network”. Vehiclevti@structure (V2I) applications might use
different network layers.
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The remainder of this chapter is structured as follows. Related work isssisdun Section
5.2 Section5.3 provides a categorization and formal description of the selected mechanisms
In Section5.4, after the description of the reference scenario, an analytical modéddaer-
formance evaluation of the selected protocols is developed, which is tleentagprovide a
comparative evaluation of the different techniques for the single-hdprariti-hop cases. In
Section5.5 we exemplify the use of our model as a quick evaluation tool for different-c
binations of the techniques. Realistic scenarios are investigated andsegidewet in Section
5.6, including the evaluation of the basic CBF protocol proposed by the sn@ancluding

remarks are given in Sectidn?.

5.2 Related work

We can find in the literature a number of surveys categorizing into diffevaps routing pro-
tocols for VANETs B9, 84, 127]. Beyond that, in addition to the categorization of routing
protocols, in 120 and [103 the authors provide a classification of inter-vehicle communica-
tion applications and examine the applicability of different routing protocolat¢b epplication
class. In general, it is concluded that position-based routing andagtimg are more effective
than other routing protocols for VANETs. Several worl§,[111, 112 survey this specific
kind of protocols. In particular, inlJL1] geo-routing protocols are grouped into sender-based
and receiver-based, being this last category in which our evaluadgd$als would fall.

On the other hand, a thorough survey and general overview of-tapss design for
VANETSs can be found in74]. In this chapter we focus on the most relevant MAC-network
cross-layer proposals in the context of vehicular networks. To theobesr knowledge, there
is no work specifically categorizing cross-layer techniques based amottiention stage of the
MAC layer for efficient geo-routing in VANETs. And in addition to the prodbclassifica-
tion, we develop a common framework for the performance analysis of tteeatif protocols,
which is also validated through simulation. The majority of existing surveys mdesgribe
qualitatively the different protocols and only a few of them perform simutatior comparat-
ive purposes. However, unlike our work, formal descriptions aralysical models for quick
numerical evaluation of the different proposals are rarely providedhis latter regard, dif-
ferent analytical models can be found i8] 100, 118 124, but they cannot be applied to the

specific case in which each vehicle selects its contention time slot in a difigagnt
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5.3 Description of proposals

In this section we categorize and describe MAC proposals which eithertie®n specifically
proposed to be used to improve the operation of a geo-routing protocblasuGeoNetwork-
ing, or are general-purpose but can be adapted conveniently foothtisxt. The proposals are
briefly described qualitatively but their operation is also formally expkaséerms of ran-
dom and deterministic delays in a unified way. Previously, in the next stitiseee discuss
common operational aspects which we assume that hold for all the propestblish the
main assumptions and the basic notation and compare them to the usual opdriiteoHEEE
802.11Distributed Coordination FunctiofDCF) [16].

5.3.1 Common description of the contention mechanisms

From now on we assume that all vehicles use a basic carrier sense muitigpds adth collision
avoidance (CSMA/CA). A station with a new packet to transmit first monitorsctienel
activity. If the channel is idle for a givetieterministic time interval p, the station transmits.
Otherwise, if the channel is sensed busy (either immediately or duripghe station keeps
on listening to the channel until it is measured idle fgr At this point, the station generates
arandom backoff time intervatr, before transmitting. If the channel has been idle for the
duration of the random interval, the station transmits the packet. This basatiopecoincides
with IEEE 802.11 DCF. In that casep equals one of the defined interframe spaces, usually
the DCF Interframe Space (DIFS). In our description of the proposatsder to facilitate a
common analysis, we assume that bigthandt i times are discretized, that is, that their values
are an integer multiple of some arbitrarily small time gtot

In DCF, the duration of the slotted backoff tintg is uniformly chosen in the range
[0, CW], called the contention window (CW). The value@¥ for unicast packets is doubled
every time an unsuccessful transmission occurs. For broadcastpatiere is no acknowledg-
ment or error recovery procedure and@d’ remains constant all the time. In fact, vehicular
communications are mainly broadcast in nature and all the proposals ceashgre do not
modify the window size as a result of an error. Moreover, unlike DCFasgame that the slots
of tp can be chosen from arbitrary probability distributions. Additionally, to a@hfairness
and avoid channel capture with DCF, the backoff time counter is decrethentg when the
channel is sensed idle, and “frozen” when a transmission is detected ohahnel. In vehicu-
lar networks, the main goal of a CBF mechanism is to select the next foewardi, once a
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node has retransmitted a packet, the remaining nodes cancel the penckey peherefore,
we have removed backoff timer suspension from the operation of the MAGhe previous
arguments allow us to assume that a memoryless backoff procedure is in use.

To summarize, in the next subsections we categorize the collected protacolsliag
to the way they modify the standard backoff selection method describe@ anovselect the
channel sensing delay. Therefore, let us define the total contenteyntdewhich is an integer
multiple of ac time slot and determines the exact time a node has to wait before it is allowed
to transmit a frame, that is, the time it founds the medium idle. Thens ¢p + tr is the
sum of two terms: a deterministic teri;, and a random oneg, any of which can be zero in
general.

Throughout the rest of the chapter we also use the following notation:dax ir) is used
to identify a vehicle, the functiodist(z, y) is the Euclidean distance between two poiritg,
is the transmission range of a vehicle andx, andz,,, define the position of the source, the
destination and the nodg, respectively.

5.3.2 Deterministic strategies

First, we consider the approaches that use a pure deterministic delayapiisach works
well when the delay is selected according to some criterion which makes itauamgong the
contending nodes. This technique is usually implemented at the networkdagein a typical
non cross-layer design, it would operate on top of a standard MAQ®, as1&02.11p, which
would add a random delay. Hence, it should be considered the baselvi@dio compare
the advantages of a cross-layer MAC-network design. Thyidakes a deterministic value
betweent,,;;, and a maximum forwarding delay,...., as a function of selected parameters.
For each vehicle:; within the transmission range this waiting time is given by:

tD(ni) = tmaz * (1 - F(nl)) + tmin, (51)

whereF' is a function that measures the advantage obtained from a node beingtHerne
warder. The selection of this function depends on the particular applicatitre target ob-
jective of the broadcast proceds(n;) is usually a continuous function and thereforetakes
a continuous value.

In a real implementation, it cannot actually take a continuous value, andiss pooviding
a similar advantage (near values of the functiohmay select identical backoff value. As a
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consequence, this method is more efficient the finer the discretization i, timabur notation
the shorter the time slot is. An advantage of implementing these techniques at@éalyer
is that the delays might be potentially much shorter, but at the cost of a muleérhigple-
mentation complexity. Though several of these schemes have beengutopagher contexts
[99], we describe four representative examples for vehicular networks.

e CBF [54] andRole-Based 35]. This is one of the mechanisms specified for the GeoN-
etworking protocol 19]. Basically, in vehicular networks the delay is selected according
to the distance from the source, as originally describe&4h pnd may be refined with
other vehicle parameter84|, resulting in a typical advantage function:

F(n;) = max {O, dist(s, n,) } .

Ri (5.2)

A clear disadvantage of this function is that it depends on the selected fealtiege
transmission rang®&;.., which is unknown and random in real scenarios, and may result
in performance degradation.

e Link-Lifetime-Based [28]. For other applications the stability of the links between
the sender and the receiver may be more important than the progressgavéinal
destination. To this purpose the authorsZf][use a combined function:

F(n;) = a-St(n;) + (1 — ) - Pr(n;), (5.3)

where St is a function that quantifies the stability of the link between the sender and
the noden; and Pr characterizes the progress that the packet achieves in the opposite
direction of the movement. The parameteis used to assign a different priority to any

of the criteria.

e MRSE [81]. Multi-criteria Receiver Self-Election (MRSE) for vehicular networks is
similar to the previous one but with an extended number of criteria. It selextsetkt
forwarder using four criteria: link life-time,, optimal distance from sender to receiver,
d, optimal transmission rang¢, and received powep. The following four-variable
polynomial function of the selected parameters is used:

b d” f P pi

JTWw1 w9 w3 Wa
tna Az fmaa:pma:c
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wherew, . . . , w4 are the weights of each parameter, which are adjusted according to the
local vehicle traffic density information.

5.3.3 Random strategies: contention window modification

We now turn to purely MAC approaches. First, we describe approdbhésnly employ the
contention window range to adapt the channel access mechanism to tliedhtgral. Vehicles
dynamically establish a contention range according to some classificatioiocrit®&wo main
approaches can be found, which differ essentially in whether the sttlectge can overlap.

5.3.3.1 Overlapped contention windows assignment

In this case, each vehicle computes its individual valu€' (n;) as a function of some given
criterion. In fact, most of the proposals are variations of the basic CBEnse with more
refined utility functions, based on multiple parameters. So, for each vehithe value oft
is selected from a uniform distribution as:

tr(ng) ~ U(0,CW (n:)). (5.5)

In all the considered cases, the deterministic teprmis also used and given a constant
value, usually a DIFS, except for the EDCA* proposal, as we disctss la

e Fast Broadcast[94]. This protocol was designed to reduce the time required by a mes-
sage to propagate from the source to the farthest node in a certaintetppesarea-of-
interest, and it is based on a distributed mechanism for the estimation of the canmun
ation range of mobile node&,.. The contention window for each vehicle is computed
based on its position in the estimated communication range using the next formula:

Ry — dist(zs, zp,)

CW(TLZ) = CWmm + (CWmam - CWmm) ) (56)

tx

whereCW,,,,.. andCW,,.;,, are the maximum and minimum contention window sizes of
802.11p. This is a variation of the basic CBF scheme discussed earliengeaimented

at the MAC layer and refined with the estimation procedure for the transmisage.
This latter refinement makes it suitable for a real deployment, but at thefdosteased
protocol overhead and complexity.
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e DBA-MAC [33]. Authors proposed a distributed dynamic clustering algorithm to create
a dynamic virtual backbone in a vehicular network. The vehicle membersdfabk-
bone are then responsible for efficient broadcast of emergencyagesssin the cluster
generation, parameter nameid Factor (F'£'), based on the relative speed, the distance
to the backbone node and the transmission ralige is computed and then used to
dynamically control the contention window, as indicated by the following equatio

CW (n7) = |CWinin + max{0,1 — FF(1:)}(CWinaz — CWinin)| - (5.7)

Again, this mechanism suffers from the basic problem of CBF proposaisdoon an
assumed constant transmission range, which is unrealistic. In additiodugtergen-
eration algorithm adds extra complexity and overhead to the procedure.

e Benefit-Based46]. It is a general-purpose communication scheme which differentiates
data traffic according to the benefit it is likely to provide to potential recipiefitds
benefit is quantified through a functioM/(B) that takes into account the message context
(e.g. message age, time since last broadcast, etc.), the vehicle contextr(gigg
direction, distance to the last forwarder, vehicle speed, etc.) and thenitfion context
(e.g. purpose of traveling, information accuracy, news value, etc.).

Then, for each vehicle; the CTW is adapted to the benefit of the currently handled

message:
CW(TLl) = LCWmm + (1 — MB(TLJ)(CWma;E — CWmm)J . (58)

The flexible scheme proposed can be adapted to a variety of applicatamisistance,
with an adequate definition of the benefit function, the procedure becequesto either
the Fast Broadcas®fl] or DBA-MAC [ 33] approaches.

e EDCA* [16]. Within this category of protocols we also include the EDCA mechanism
of the 802.11 standard, by which different classes of frames canvba griority over
another in their competition to access the medium. It defines up toAfoeass Categor-
ies (ACs) of frames, each of which has its own queue. Each frame arratittie MAC
layer with a priority is mapped into one of the four possible ACs. The priorityaathge
is the result of modifying two parameters of the protocol. The first one isahteation
window size; both the minimum and maximufi?” values can be configured per AC.
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The second parameter is the delay after the medium goes idle before aderagher
begins a transmission or initiates a backoff. So, for each particular ACelagst » and

tr are computed as follows:

tp(AC) = SIFS+ AIFSN]AC), (5.9)
tr(AC) ~ U(0,CW[AC]), (5.10)

where SIFS (Short Interframe Space) and AIFSN (Arbitration Ireenfs Space) are pro-
tocol parameters. Obviously, this scheme can be adapted to optimize thempeféhe
network layer in different ways. Any of the utility functions discussed aonay be
used to map the frame to an AC. Let us note that in the following evaluation ws foc
on broadcast communications and so we assume EDCA works also with nhomsgize
increase and backoff timer suspension, that is, as a memoryless haaiwtherefore
we call it EDCA*.

5.3.3.2 Disjoint contention windows assignment

This method involves dividing the ranfe C'W] into m non-overlapping intervaldy, . . ., L,
so that each vehicle, depending on its priority, selects a backoff vahdomay from one of
them intervals. Assuming that the length of each interkds W;, the resulting intervals are:

m—1 m
[0, Wi —1], Wy, Wi+ Wa—1],..., | > Wi, > Wi—1]. (5.11)
=1 i=1

We define the function:

0, fork =1, (5.12)
WE = .
wg_1 + Wp_1q, fork=2,...,m.

Then, the values afp andtg are defined as follows:

tp(n;) = DIFS+ iwk - g, (ng), (5.13)
k=1
k=1

wherey, (n;) is equal tol if vehicle n; is associated with intervd], and0 otherwise.
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e Smart Broadcast [49] and PBCC [13(. The authors of 49 defined a distributed
position-aware broadcast protocol for highway inter-vehicular nedsyovhich is able
to guarantee high reliability, low propagation latency and redundancgtiedywithout
requiring perfect knowledge of the network topology. Given the trarsonigange Ry,
it is partitioned intom adjacent and non-overlapping sectors numbered fsgrto .S,,,
starting by the farthest sector from the source node. Each s€cisrassociated to a
size of the contention window(;, and the disjoint intervals are constructed as explained
before, so that the highest priority corresponds to the farthest ricmagshe source.

In [13Q the protocol used is the particular case of Smart Broadcast in whicheall th
contention windows associated to the intervals have the same length. As lveegha
the use of disjoint windows outperforms the overlapped windows appybat it shares
the weakness of using a constant transmission range, which couldtberfimproved
with a more realistic estimation procedure.

5.3.4 Random strategies: probability distribution modification

In all the preceding random strategies the backoff counter was selaaifedmly within the
specified contention window range, which was adjusted in order to priodgr&in con-
tenders. On the contrary, the idea under this methodology is to carefulbgsetononuniform
probability distribution that nodes use to randomly select their backoffteosinbut keeping
the contention window constant. Depending on the shape and the particatacteristics of
the probability distribution used, some contenders will have more priority tsadbe channel
than others.

If we choose a discrete probability distributigsy over the slots of the contention win-
dow, then the random tert, of the waiting time for each vehicle; is given by the probability
mass function:

P (tr(ni) = j) = gew(j), j=0,...,CW. (5.15)
The deterministic termp, if present, can be set to a constant value such as DIFS.

e Sift [110. In many situations, the network operation synchronizes the mediumsastes
all nodes, that is, all receivers of a packet immediately become potentiariders and
contend for the medium. In this particular case,ia(j it is shown that there exists an
optimal distribution for the contention slots that maximizes the contention sucass p
ability. Although the optimal distribution cannot be implemented in practice, geometric
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distributions approximate the optimal one. So authors proposed an apptioxirtieat
uses a truncated geometric distribution. The size of the contention windowssaca,
and the probabilityyoy () of selecting a certain slgtincreases with the slot number.
The probability of choosing the slgtis given by:

. 1—a)- O‘(C'V[/-‘rl iy '
gcw(]):( 1_)aCW+1 ca” Ut =0, CW, (5.16)

wherea = gow (7)/9cw (j + 1) is a characteristic coefficient that determines the shape
of the probability distribution, and it is adapted to the estimated number of cartend
The geometric distribution assigns low probability to initial slots, and high piitityab

to the last few slots in the contention window, which greatly reduces the Ipitipaf
packet collision.

e COMIC [96]. In this work a scheme for backoff-based collision resolution is pregos
The contention window is fixed for all the contenders, but the uniforntesdion slot
selection distribution ovelp, CW] is replaced by a truncated normal distribution:

gew (j) = TOW o Jj=0,....,CW, (5.17)

2

wheref(x) = U\}ge_ 2.2 is the normal probability distribution function.

This procedure is designed for non-broadcast communication pexcass it is based
on the standard Binary Exponential Backoff procedure for contemtindow expansion
and contraction upon collision and success. So, for consecutivefbatiges, the shape
of the truncated normal distribution is intelligently tuned, adapjirand o, according
to the backoff value previously selected, so that the selection likelihocalaifwely less
collision-probable contention slots is maximized. However, for broadaastrwnic-
ation processes there are no retransmission attempts, and thereforis theraistory
information available, sp ando are taken a%%J and % respectively.

As we shall show, both procedures perform remarkably well in termbigtransmission
success, but unlike the previously discussed ones, all the vehicleehaal success probab-
ility. Depending on the application, this might not be desirable, for instancee ifvant to
maximize the packet progress. In the previous chapter we proposedrsodifications to
correct it.
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5.3.5 Summary

In Table5.1 we summarize the categorization of the described protocols, together with their
particular characteristics. Most of the considered procedures, sittle@se specifically pro-
posed for vehicular networks, have been designed to optimize the mabkaatce. And most
of them are variations of the basic CBF scheme with refined utility functiondvimgpthe
physical state of the vehicle and communications, such as distance, posifighauality.

Up to this point we have formally described and qualitatively discusseda@lternatives,
but attending only to their description it is not obvious which are the reaaradges and
drawbacks of the different proposals. Moreover, in the literature, lage been evaluated in
quite different scenarios and with different assumptions and paranaeiéthe results available
are not usually directly comparable. Therefore, in the following sectiwagrovide acommon
evaluation stochastic model, a set of performance metrics and a baselwaeicde order to
provide a fair comparison of the different proposals.

5.4 Performance evaluation

In this section we present a comparative study to show the performaitice discussed pro-
cedures as forwarding algorithms for the GeoNetworking routli#ly [It supports the delivery
of packets in geographical areas and is the main service providerger transport entities in
ad hoc mode. Hence, new proposals for VANET MAC mechanisms may tak® iaacount
in their design and it is reasonable to evaluate how its performance is dffegtihe MAC
proposals. CBF is one of the basic forwarding algorithms proposed biN&working. It is
specified at the network layer. Therefore, we additionally considemtiatross-layer MAC-
based CBF proposal should be compared with this basic algorithm. Finally, apafications
with different requirements can be implemented on top of GeoNetworkingddlivery of
emergency messages is usually regarded as the most critical one. Insthjstdés normally
required that packets advance as much and as quickly as possibl@resedjgently we define
and evaluate related performance metrics in order to compare the proposals

We provide a common analytical model for the evaluation, based on the defioftian
appropriate matrix, each element of it being the probability that a node salgétsn num-
ber of time slots for channel sensing before transmitting. This way, wepncate both the
deterministic and random terms of the contention delay and can use seamlegsiguious
description of the proposals. All the metrics are defined as a function ofméiigx, and so
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Rtx

Message propagation direction

A
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Source node Contending nodes

Figure 5.1: Scenario under consideration.

we obtain a unified framework to compare different proposals only bygubmcorresponding
matrices. The results are exact for a single-hop scenario and we @rapmioximations for
multi-hop scenarios.

5.4.1 Scenario description

GeoNetworking 19] supports the communication among individual ITS stations as well as
the distribution of packets in geographical areas. If the source noe mat belong to the
destination geo-area, then the packet should be forwarded untiingachode which belongs

to this area, which takes care on delivering the packet to its destination.

We consider a vehicular ad-hoc network consisting of a strip-shaged @here vehicles
are randomly distributed according to a one-dimensional Poisson procedgensity A. The
parameter\ represents the density of vehicles on the road, which is defined as tregave
number of vehicles per meter. We assume that each vehicle is equipped vitth-aké device
so that each node knows its own geographical position. We also suphizas#! the nodes in
the considered area have synchronized time scale.

We assume that a source node (positioned at the beginning of the aneajtgs a broad-
cast message that has to be propagated along the strip in the oppositerdivéatiovement,
as depicted in Figh.1 Each broadcast message contains a header field that includes thle spatia
coordinates of the transmitting node, the message propagation directiorf@makition about
the destination (a particular node or a geographical area). We alsmagiat the broadcast
message can be correctly received by all vehicles within the transmissige aaeak, ., that
is, we suppose an ideal deterministic radio propagation model with no eAlbreodes try to
forward the message, contending to be the next forwarder. Theréiernumber of contending
nodes will be a random variable with Poisson distribution of parameRey.
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5.4.2 Performance metrics

We start with the stochastic analysis of the protocols, taking into accounnttinet techniques
under evaluation the nodes in the network not necessarily select theirgviitia with the
same probability distribution nor an equal window size. This stochastic an&ytends the
performance metrics presented4drt.l, however for completeness and readability we repeat
here some of the equations. So, for each protocol we construct a RatrhereP (i, j) is the
probability of nodei selectingj time slots ofs duration for channel sensing before transmit-
ting, that is,P (¢, j) = P(tr(n;) = j). Therefore, the dimension & is N x (max; t;(n;)),
where N is the number of contenders anthx; ¢7,(n;) is the maximum possible delay that
can be chosen by any of the nodes. Let us remarktthatcludes both the deterministic and

random number of slots.

For the sake of clarity, we illustrate the construction of the ma&riwith a brief example.
Suppose that there are three nodes in the network that select their détayfatiowing way:
the first node hagp(1) = 0 and selectg(1) uniformly from [0, 2]; the second one has
tp(2) = 1 and selectsr(2) uniformly from [0, 2]; and the last node hag (3) = 1 and selects
tr(3) uniformly from [0, 1]. So, the resulting matrix is:

1/3 1/3 1/3 0
P=|0 1/3 1/3 1/3]. (5.18)
0 1/2 1/2 0

Then, by using this probability matrix we compute the probability of a succdsafismis-

sion by the vehiclé in the slotr, which is the probability of vehicléselecting slot- multiplied

by the probability of all the other vehicles selecting later slots:

N r
s (P) = PG.r) [] (1213@,@). (5.19)
k=0

j=1,j#i

Then, by addition of the corresponding probabilities we can obtain thessigrobability

in a specific slot{Is,), the probability of a successful transmission by a particular vehicle
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(ITy;) and the total success probabilityi):

N
s, (P) =) My,s,.(P), (5.20)
=1
W
Iy, (P) = Y My, s, (P), (5.21)
v
Ip(P) =Y > Iy, (P), (5.22)
i=1r=0

wherelV is the maximum slot number that can be chosen by any of the nodes, that-s,
max; tL(nZ-).
Next, we compute the winner vehicleep*), provided that the transmission attempt is

successful: N
>ie1 iy (P)
7 (P)

From this equation we can extract the average position of the winner vehigte if we know

veh*(P) =

(5.23)

the positions of each vehicle in our experiment.
Similarly, the mean slot number when the successful transmission starts rishyivitbe

following expectation:
_ ZKO r-1g, (P)
7 (P)

On the other hand, in the slothere is no collision if one of the following situations occurs:

ts(P)

(5.24)

there is success or collision before stpthere is success in slot or all the nodes choose their
slots after slot-. So, the probability of a collision in the slotis:

r—1 N w
Qs,(P)=1->Y (s, (P) + 5, (P)) — s, (P) — [[ D PG, k). (5.25)
k=0 j=1k=r+1

Therefore, the mean slot number when the collision occurs is given by:

ZKO r-Qs, (P)
1-TIIp(P)

t(P) = (5.26)

wheret, is defined forN > 2 since the collision may only happen if more than one node
compete for the channel access.

Now, from these stochastic metrics, we compute the critical performance sigtribe
considered emergency-message scenarioMiban Access Delafl,..) and theEnd-to-end
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Delay(T%), which are expressed in seconds.

Let o and L pg; be the time duration for a slot and a packet transmission, also expressed
in seconds. The Mean Access Delay is defined as the average time framstdog the nodes
start trying to send a packet until the beginning of a successful trarismisgis computed as
follows:

Tuce(P) = (E[A(P)] — 1) - (0 - te(P) + Lpps) + 0 - t5(P), (5.27)

where E[A(P)] represents the expected number of attempts until a node wins the contention.
Let us note that the probability of succeeding atttie attempt equalgl — I (P))* = TI1(P),
so the expected number of attempts is computed as follows:

E[AMP)] =i (1 —Tp(P)) ' Ip(P) = TPy (5.28)

[ee]

i=1
being the last equality a consequence of the infinity sum of a geometric.sEnesiumber of
attempts may be restricted byhap limit parameter, in which case, the summation would be
truncated to such value.

Finally, the End-to-end Delay is defined as the average delay incurrékdebyacket to
reach the destination area, which in a one-hop scenario is simply:

Te(P) = Tacc(P) + Lpgt. (529)

The above metrics are exact for a single-hop network, where all thesrer@ in range of
each other. They can be used for a fair comparison in a number of itlesiians. However, we
are interested in the performance of the different proposals in a morditesdisnario where
the emergency message has to advance multiple hops. In that case, wetakemdvantage
of a memoryless model, but it depends on the position of the colliding nodéshamnalysis
become more complex. In order to keep it simple, we provide the Algor&torapproximate
the metrics of interest in a multi-hop scenario.

The rationale for this algorithm is as follows, for an example with two hops.thefirst
hop, we have to compute the one-hop metrics as above. In case of futtessmission,
in the next hop we will be exactly under the same conditions as in the firstdoowe only
have to compute the basic metrics for the new contenders, as we do in SteN@{ain case
of collision, it should be noticed that a packet always “advances”, irsémse that there are
nodes that receive the packet correctly because they are in range tfansmitter but out of
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Algorithm 2 Approximation of multi-hop metrics.

Require: P, R;,, Dest.

1: Hops=1.

Compute the basic metrics in the first hop, that is, for therirgl (0, Ry ):

M7, pos™, ts, te, Tuce, Te-
2. Initialize the success probability in the previous hop:
9 = .

3:  While pos* < Dest — Ry,

a) Assuming that in the current hop there is a successful trégsssan:

- Compute the basic metrics in the next hop, that is, for thervial (pos*, pos*+

R.):
HlT, pos*L, tL ¢l Tl

acc’

T!.
b) Assuming that in the current hop a collision occurs:

- Estimate the position of the two vehicles implicated in theket collision,
posColl andposCol2.

- Compute the basic metrics in the next hop, that is, for thexval (posCol1+
Ry, posCol2 + Ry,):
02, pos*?, t2, ¢2, T2, ., T2

ace’ e
c) Update the hops number and the global metrics:
Hops = Hops + 1;
U = Oy + ORTG + T2(1 — 109);
pos* = pos* + pos* 1% + pos*?(1 — 113);
ts = ts + ts' 11 + ts?(1 — 11Y.);
te = te + te' TS + te (1 — 119);
Tace = Tace + Tae 11y + T3 (1 — T19);
T, =T, + THI} + T2(1 — 113,).
d) Update the success probability in the previous hop:
9, = ML + T12(1 — T19).

4: Compute the average of the global metrics (excepffomhich is the accumulation of
successive hops delays):
Iy = Iy /Hops;
pos* = pos*/Hops;
ts = ts/Hops;
tc = te/Hops;
Toce = Tace/Hops.

return Ilp, pos*, ts, te, Tace, Te.
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Packet collision Successful reception
| 1 ] | ]
I ¢ * I I I 1
0 posColl posCol2 R, posCol1+R,, l posCol2+R,, 2R,

New contenders

Figure 5.2: Interval where the new contenders are placed after a paoKisian.

range of the other one (see Fif.2). Therefore, in this case, the number of new contenders
at the next hop depends on the relative distance between the colliding, @sdean be seen in
Fig. 5.2 Hence, in step 3(b) we first estimate the average position of thedeltiding nodes,
which depends on the particular mechanism (for instance, for the Undamthey are placed
at R, /3 and2R;,/3), and afterwards we compute the metrics for the new contenders.

Once we have computed the metrics for the two possible cases, succedismmg we
compute in step 3(c) their averages multiplying them by the probability of ssiczellision
in the previous hop. In this way we obtain the average metrics for the newinigh turns into
current hop for the next iteration. Then, the process starts againstepr3(a), and continues
until the packet reaches the destination. Finally, in step 4 we compute thegeveer-hop
metrics, which are returned together with the total end-to-end delay.

As we show in Sectiob.4.4 our simulation results validate this approximation.

5.4.3 Single-hop scenarios

In this section we verify the correctness of our analytical model andperéd comparative
study between some of the selected protocols, as well as an evaluation iofltleace of
different parameters on the performance metrics.

The protocols considered in the comparative study are shown in Bahléncluding an
standard contention procedure labeled as “Uniform”. We exclude frenevaluation those
protocols that need too much extra context information, except for FaatBast, for which we
have implemented the transmission range estimation. We consider at leasbtwo®lpirom
each category and we use a paraméigrto homogenize the size of the contention windows
for the different protocols, trying to make the comparative study as fgioasible. All the
values are shown in Tab2 as a function of the parametéf. For the proposals based on
position we assume they know their position exactly, and those based grsgreel a number

1We assume here that only two vehicles transmit at the same time in a patiisom.
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Table 5.2: Deterministic delays and contention window sizes for thequols under evaluation.

Protocol Delay and contention window size
Uniform tp =DIFS,CW =2K —1
tp = DIFS

Fast Broadcast
CWmm =K-1

CWinae =4K — 1

AIFSN[0] =9, CW[0] = 2K — 1
oo AIFSN[1) =6, CW[1] = 2K — 1
AIFSN[2 = 3,CW[2] = K — 1
AIFSN[3] =2, CW[3] = K/2 — 1
tp = DIFS
Smart Broadcast | /1 = [0, K — 1]
(with m — 4) I = [K, 2K — 1]
I; = 2K, 3K — 1]
[

Iy = 3K, AK — 1]

Sift tp = DIFS,CW =2K — 1

COMIC tp=DIFS,CW =2K -1

of m groups. For EDCA* we have defined a map that replicates that of SmaaiBast, that
is, there aren groups and higher priority access categories are assigned to more gistaps.

To validate our analysis, we have simulated the procedures with the OMNedtwork
simulator and its Inetmanet 2.0 extensiéh [n the simulations, the source sends a new packet
every 10 s. All the simulations are run for 5000 s and all the scenariosyéoy vehicle density,
have been replicated with different seeds. For all the metrics, their 9b%deace intervals
have been computed and are shown as error bars in the figures. nateubat there are slight
differences in the simulation with respect to the ideal situation analyzed imopsegections.
The simulations are more realistic in the sense that nodes involved in a patlisbic are
not aware of the collision. Since there are no acknowledgement orreoovery, the involved
nodes do not participate in a retransmission.

The evaluation is conducted for the scenario described at the begirfrtimg present sec-
tion, varying the vehicle density and the size of the contention windows (witpahemeter

K). The values of the parameters used for the performance metrics compwetichown
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Table 5.3: Parameters used in the evaluation.

Parameter Fig. 5.3 Fig. 5.4
A [0.03,0.27] veh/m | 0.21 veh/m
K 16 [16, 64]
Lpgt 768 s
o 9 ps
DIFS 28 us
SIFS 10 ps
Ry 300 m
dist(Dest) 600 m
Hop Limit (HL) 10

in Table5.3. We consider no background data traffic, so that only the broadcastage is
propagated over the network. The impact of node mobility is disregardedsievhluation,
since the variation of node positions is negligible for the duration of a paskéiangéand it
has a minor influence on the performance of message broadcast withatéghates and short
safety message length&qg].

First, we validate our model in a single-hop scenario with a deterministic paeessignal
propagation model, where all the nodes are in range of each otheefdtesrall the proposals
based on knowledge of the transmission rarg, are using the exact value. Fi§.3 shows
the performance metrics computed for different values of the vehiclétgemkile keeping the
parameter fixed to 16. The lines represent the results of our analytic model, computied w
a Monte Carlo simulation with 50 replications per vehicle density, whereas tHesmefer to
the results obtained from the OMNeT++ simulation, with 15 replications peitgeké only
show results for success probability, average position of the winnéleeind average access
delay.

As expected our performance model approximates very well all therpeaifce metrics, in
spite of being more pessimistic. As we said, for proposals prone to colligioh,as EDCA*,

fewer nodes participate in successive retransmissions (as expecsadity) rwhich increases

In 10 ms, which is above the maximum end-to-end delay we obtain, a vehislig at 32 m/s only advances
0.32m.
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Figure 5.3: Performance metrics for vehicle densities varying betwees and0.27 veh/m and
parametet’’ = 16. Single-hop scenario with all vehicles in range.

the success probability and decreases the mean access delay. Thiseastire for the dif-
ferences observed between the analysis and simulation, specially fovdfgtie densities.
In Fig. 5.3(a) we can see how the Sift protocol outperforms the rest of them with cetpe
success probability, since it is an approximation of the optimal distribution #mabe used in
this scenario. EDCA*, on the contrary, shows poor performance dtigetase of too small
window sizes and overlapped CW ranges, whereas Smart Broadeesitb from greater win-
dow sizes and disjoint windows. In the cases of Uniform, Fast BroadoadsEDCA*, the poor
success probability is reflected in high access delays, as shown iB.8{g) The good success
probability of Sift and COMIC is the reason for their low access delay,raock importantly,
in both cases it is independent of the vehicle density, whereas the mparfoe of the other

proposals noticeably degrades as the number of vehicles in rangesiesrea

122


5_CBF/figures/EPS/OneHopPsucc.eps
5_CBF/figures/EPS/OneHopPos.eps
5_CBF/figures/EPS/OneHopTaccHL10.eps
5_CBF/figures/EPS/legblock.eps

5.4 Performance evaluation

i
&
o

=+ Uniform
— © —Fast Broadcast |-
% EDCA*

o
o

|

\
<>

\
vl
'+

o
©
Bt \
‘a
=10 (s)
S

Mean access delay for one transmission with HL:

£ —x— Smart Broadcast | |
: —&— Sift
\- ~- & —comic

o
3

o
o

o
o

—+— Uniform
— © — Fast Broadcast
-4 EDCA* 1

o
>

o
e

Probability of successful transmission

—x— Smart Broadcast
—&— Sift
— & — COMIC

02 ; i i ; ; ; i i i i
16 24 32 40 48 56 64 16 24 32 40 48 56 64
Parameter K Parameter K

(a) Probability of successful transmission. (b) Average delay for one successful transmission (s).

Figure 5.4: Performance metrics for paramef€rvarying between 16 and 64 with vehicle density
fixed t00.21 veh/m. Single-hop scenario with all the vehicles in range.

However, as we said before, Sift and COMIC, being general-purpaoggosals, do not
take into account the position of the nodes. Therefore, all the vehiclesdrpal probability
of success, and so the average position of the winner vehicle is in the midtikeange. On
the contrary, both Smart Broadcast and EDCA*, and to a lesser exdehBFoadcast, achieve
their goal of increasing the average advance of the pagi@tided there is succes®bviously
in a single-hop situation packet advance is irrelevant, so we have to turntiehop scenarios
to find if this optimization is a real advantage for geo-routing or it is simply bettaciieve a
high success probability.

Before discussing multi-hop scenarios we examine the influence of thentiontevindow
size on the proposals. Once our model is validated, we can safely eviitihgr experiments
without requiring simulations. Figs.4 shows the performance metrics computed for different
values of the contention window size, while keeping the vehicle density fixe@toveh/m.
Again, the computation is conducted through a Monte Carlo simulation with 50 aéphs
per contention window size and the 95% confidence intervals are shosvroadars.

The success probability increases for all the proposals when inogesicontention win-
dow size, and it is more stable for the Sift and COMIC protocols. In facggixfor them, the
rest of protocols clearly benefit from higher contention window sizeducing significantly
the channel access delay. Obviously, the small extra delay due to higitawsizes is amply
compensated by avoiding the delay due to collisions. For Sift and COMI@eocontrary, the
delay is slightly higher. This is due to the definition of the distribution for the st#cgion,
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which concentrates the probability on the last slot (Sift) or on the middle o@4C), and

therefore it grows with the contention window size. As expected, the irdkiehthe conten-
tion window size on the position of the forwarder is not significant and it tsshown in the
figure.

5.4.4 Multi-hop scenarios

In this case vehicles are located on a road segment of 600 m length ared svdeterministic
free-space propagation model with transmission raRge= 300 m. These particular values
are arbitrary and could have scaled up but at the cost of more simulation ¢icagide of the
increased number of vehicles. In real deployments one should probgbéct higher trans-
mission ranges. We think that two hops is also a reasonable distance afoargiergency
messages, though the evaluation framework can be used with more hapssc&hario has
also been simulated with OMNeT++ with the same settings: the source sendsageegsry
10 s and simulations are run for 5000 s. All the simulations have been reglié@témes to
better capture the influence of position on the result. The rest of the paragnage shown in
Table5.3

In Fig. 5.5we show the results again for probability of success, average chaocess
delay, average position of the winner vehicle, and we have added thvantlaetric end-to-
end delay. First, as can be observed, again the simulations validate twatevamodel, in
particular our approximation for multi-hop scenarios. Therefore, oaluation framework
provides a simple yet accurate tool to test this type of proposals. In these&eion we exem-
plify its utility as a design tool for new proposals made up as combinations obitsdered
ones.

Regarding the performance of the different mechanisms, there is little vaneitiorespect
to the conclusions stated for one hop. The probability has improved fof thiéo, except for
Sift and COMIC, which remains equal. The reason is that, as describestinss4.2 after
a packet collision the number of nodes competing in the next attempt reduwgestpnally
to the length of the segment between the nodes involved in it. Thereforeloih& guccess
probability increases. For the same reason, the probability of sucaeSsftt@and COMIC
remains equal because it is almost independent of the number of corstghtld. This is
again reflected in the average channel access delay.

And, in the end, it is also determinant for the most relevant metric, the eadeaelay.
As can be seen in Figh.5(d) the supposed benefits of making the packet advance as much as
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Figure 5.5: Performance metrics for vehicle densities betwe®3 and0.27 veh/m and para-
meterK = 16. Multi-hop scenario with a length of 600 m ai],, = 300 m.

possible are only noticeable for Smart Broadcast and low vehicle dendte<EDCA* and
Fast Broadcast the delay penalties due to the high number of packet oslitaice over any
advantage due to making the packet advance as much as possible fexgept low vehicle
densities.

The overall conclusion of this section is clear: for this kind of emergemplieations
it is preferable to achieve better probability of success rather than tryintake the packet
advance as much as possible. Moreover, these delay penalties due toreotlispend on the
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packet size, so for greater sizes one should expect worse resulthe@ontrary, increasing
the contention window size results in a general improvement for high veteclsities and it
tends to equalize the performance of the proposals.

Let us also remark that the real goal for an emergency warning sheutmreach as many
vehicles in the vicinity as possible, that is, inform all nodes, rather than itklgueach a
distant location. In this sense, achieving lower end-to-end delays may leadiigy because
in a packet collision the packet may be received by a distant neighbdodiutor most of
the closer ones. However, we have checked, though it is not showe figtires, that under
ideal channel conditions, the time to inform all nodes is actually only slightly hititea the
end-to-end delay.

5.5 Evaluation of new proposals

Our performance evaluation framework can be used as a quick desidortoew proposals. In
this section we exemplify it and test the use of combined procedures intordbtain the best
of each one. More specifically, we wish to obtain a method with such a higktahké success
probability as the Sift distribution, while getting a forwarder positioned as$guossible. To
this aim we proposed in Chaptétwo modifications to the Sift distribution which improve its
performance with respect to the position of the forwarder, but not to trenraecess delay.
Here we additionally test the results of combining the Smart Broadcast ak@sh&roadcast
with the Sift distribution, as described next.

e Fast Broadcast + Sift.In this case the contention window for each vehicle is computed
according to its position with eq5(6), as in the Fast Broadcast protocol. However, in
this case, instead of selecting the random dejdy:; ) uniformly betweer) andC'W (n;)
slots, each vehicle uses the corresponding Sift distribution ©@VE(n; ) slots.

e Smart Broadcast + Sift. Similarly, in this proposal each group of vehicles is assigned
a contention window as in the Smart Broadcast protocol, but the randtay ggis
selected using the Sift distribution instead of the Uniform one.

In Fig. 5.6 we show the resulting performance metrics for the described proposalglla
as for the usual Sift, Fast Broadcast and Smart Broadcast prgtocolsier to compare them.
These performance metrics are computed for different values of theerelensity parameter
and K = 16. The results show that all the new proposals achieve a higher sucobsbitity
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Figure 5.6: Performance metrics for new proposals for vehicle derssitietween0.03 and
0.27 veh/m and K = 16 in a multi-hop scenario.

than the original ones for Fast Broadcast and Smart Broadcast, getissg to the Sift success
probability and achieving a similar stability with respect to the number of vehicles.
Regarding the average winner vehicle, or forwarder position, the ineprent is more
significant. For the Weighted Sift, the Fast Broadcast + Sift and the PaupSrSift, the
forwarder position is farther than for Sift and Fast Broadcast. On therdand, a similar
distance is achieved for the Smart Broadcast and the Smart Broad&#t but the latter
results in much higher success probabilities and lower channel acakes@ito-end delays.
According to these results the intended goals can be achieved, and it ssssoRable
to combine Smart Broadcast and Sift, since the implementation may be simpler thhe fo
other ones. In any case, we have shown the utility of our framework asck no need of

simulations) evaluation and design tool.
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Figure 5.7: Performance metrics for vehicle densities betwe#3 and0.27 veh/m and para-
meterK = 16. Multi-hop scenario with Nakagammitfading model withm = 1.

5.6 Realistic scenarios

Up to this point, we have compared the contention mechanisms that involvemgmdoed-
ures under ideal assumptions, such as deterministic free-space gtiopa¢n this section we
evaluate the standard CBF specificati@f][implemented at the network layer and introduce
more realistic effects. On the one hand, it has been shown that radiagatign in vehicular
networks is subject to strong fading(]. In that case, the assumptions for our evaluation model
do not hold anymore, since there is a chance that nodes in the close vidiaisoatender do
not sense the channel busy and defer transmission. Therefore@wsesimulated the propos-
als, as well as the standard CBF, using a more realistic fading model. Inytartiwe use the
Nakagamim distribution, which can model a wide class of fading channel conditiondiend
well the empirical data40]. The noise level is set to -110 dBm and the sensitivity to -85 dBm.
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5.6 Realistic scenarios

In addition, the simulator takes into account capture effects, since paeetsly discarded
when theSignal to Interference Noise Rat{8INR) is below 4 dB. On the other hand, both
real timers and location information have a certain accuracy. Thesésafiay have particular
influence on the deterministic CBF algorithm and have been simulated as well.

Performance metrics for the previous proposals in a strong fading rizenmedeled by
Nakagamim with m=1, are shown in Fig5.7. In presence of strong fading the basic carrier
sense medium access is broken, since neighbor nodes may not sedsarthel busy due to
transmissions. The probability of reception decreases with the distancestouttee, and, with
the simulated parameters, on average 12% of nodes iRtheange do not receive a given
transmission31]. Therefore, specifically designed MAC mechanisms have little influence on
most of the evaluated metrics.

Let us recall that, in realistic situations, collisions are locally experiencégamwe cannot
use the global notion of success probability anymore. Therefore, waverage delays to
evaluate these scenarios. As can be seen ing-rgb)and5.7(c) both average time to inform
all nodes and average end-to-end delay are almost independentdi@enechanism in use.
Strong fading actually benefits the end-to-end delay since there is aecttaigackets reach
directly the destination even if it is out of the ideal deterministic raRgg of the forwarder.
In addition, as discussed before, packet always effectively aggmeven in the presence of
collisions. The overall result is that end-to-end delay is practically inuéget of the MAC
mechanism and the vehicle density. On the contrary, vehicle density hasnfioeace on the
time to get all nodes informed. As in the ideal case, it is directly related to thageehannel
access delay, and it increases with the vehicle density, but there is littleeditie between
proposals.

If we look at the average channel access delay in Eig(a) proposals with good per-
formance in ideal scenarios, such as Smart Broadcast and SmadcBsba Sift, remarkably
increase their channel access delay in realistic scenarios. The dahée merformance de-
gradation is actually the fact that they have been designed to maximize thecdisththe
forwarder to the source. Accordingly, the more distant nodes seldidresots, win conten-
tion and transmit, but then, since reception probability decreases with theaisteodes closer
to the source have a higher probability of not sensing the channel bdssoethey also trans-
mit, generating collisions. On the contrary, in the proposals that do not attemdximize
the packet advance, the forwarder is at the middle of the range ongavara so its trans-
mission has a higher probability of being sensed by the surrounding .ndtasis, the MAC
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Figure 5.8: Performance metrics of GeoNetworking for vehicle densitietween0.03 and
0.27 veh/m and parameteK = 16. Multi-hop scenario with free-space and Nakagamiad-
ing model withm = 1. Clock accuracy set tbus and position accuracy set tamn.

mechanism works properly more frequently. As the vehicle density inesetfsere are simply

more packet collisions, though the use of Sift slightly improves the probabflispocess in

the group closer to the source for Smart Broadcast + Sift.

The conclusion from these results is that any new proposal which interajgtimize the

operation of GeoNetworking must take into account in its design the effécesalistic ra-

dio propagation models. In fact, as we discuss next, the basic CBF prsfuedfied by the

standard works remarkably well under realistic conditions.

GeoNetworking CBF specifies that upon reception of a packet, noddsastiztermin-

istic timer whose value depends on the distance to the source, thatis) = maxTime +

(minTime — maxTime)dist(xs, z;)/ Ry The goal is to select the most distant node as next
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5.7 Final remarks

forwarder. The standard specified parametersnaieTime = 100 ms andminTime =

1 ms, and we sefR;, = 300 m to compare with previous proposals. Nodes use the standard
IEEE 802.11p as MAC layer with a contention window of 32 slots. In F@ we show the
average channel access delay, average time to inform all vehiclesenagia end-to-end delay
for the standard GeoNetworking CBF. From these results it is clear thet @& Network-
ing works well in all the cases. Moreover, its performance improves asehiele density
increases, since there are more nodes available to forward the patchkeited accuracy in
vehicle position and timers have little influence on the performance. Delaysvaheehigher
than for MAC implementations, as expected, but they actually depend on tifiguwred val-
ues formazTime andminTime, and there is margin for tuning them. Let us just mention
that, for the ideal free-space case, there are scenarios whereket gactually transmitted.
The reason is that the particular fixed positions of the vehicles result iimcons collisions.

However, this pathological scenarios should be very rare in realistiagrdipal situations.

5.7 Final remarks

In this chapter we provide a survey and evaluation of the most releva@-Network cross-
layer proposals for efficient geo-routing in the context of vehiculdawogks. They are de-
scribed and a unified formal description of different contention-basschanisms is extracted.
This formal description is later used in a common framework for their perfocmanalysis
in the critical scenario of emergency messages delivery. As a noveltpeoiormance model
allows to analyze the case in which each vehicle selects its contention slot faranlifivay.
This model has been used to rigorously evaluate the selected proposalgléarsp and
multi-hop scenarios under ideal propagation conditions. Additionally, thiation has also
been done by simulation, whose results further validate our approahevehuation shows
the strengths and weaknesses of the different mechanisms and allowsctodeothat it is
preferable to achieve better success probability rather than trying to makathket advance
as much as possible, at least for small contention window sizes. We havevalsiated the
proposals under more realistic channel fading conditions. This hasdagenby simulation,
since our model cannot be directly applied to these cases. In this situabiwayér, there is
actually little difference in the performance of the protocols. In fact, theepgsals which

attempt to maximize the progress of the packet suffer a noticeable degreidgtierformance.
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On the contrary, the basic CBF protocol specified by the GeoNetworkamgiard performs
well in most of the cases.

According to these results, our next step is to modify our analytical modetlrodince
realistic radio propagation effects. In this case, it is difficult to keep it sirbpleause the
reception probabilities depend on the positions of the receivers andisheoeglobal notion
of success probability. Even though, we also plan to work on new MA@qwals which take
into account those effects in their design.
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General conclusions and future
work

6.1 Main summary

The initial motivation of this dissertation was to contribute to the improvement etysah
the road by means of vehicular communications. Cooperative Collision Avoed@CCA) ap-
plications are a new emerging means of reducing the number of accidente\igipg cars
with collaborative communication capabilities, thus allowing them to react agaussible
accident risks. However, to design and implement such applications paudderstanding of
the vehicle collision process is needed. The influence of differenindriparameters on the
collision event must be assessed at an early design stage to developtapmithat can timely
adapt vehicle dynamics to avoid or at least mitigate the danger. In this cathiextiesis has
presented and evaluated a novel stochastic model for the computationaxettagge number
of vehicle collisions that occur in a platoon of vehicles where a warning mmilisystem is
in operation. The fact that a warning notification system is used allowed axetcome the
difficulties for obtaining stochastic models for such vehicular scenariose sve could as-
sume that all the drivers/vehicles react to the warning message indeplgnded therefore
the motion equations could be simplified. We also proposed a good matchiruximpation to
the exact model to further reduce the required computations to calculatetifeevcollision
probabilities. In both cases, the results were validated by Monte-Carlo siomga

It should be noted that the establishment of this VANET applications will béogleg
gradually, equipping vehicles with the proper hardware and software &ble to communic-
ate in an effective way within the vehicular environment. Therefore, it iGljsigonvenient
to study how the system of vehicles in a platoon will behave at differenéstafjtechnology
deployment until full penetration in the market. When the CCA penetration ratiédkén into
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account, the growth in the number of operations of the analytical model sthat the se-
guential computation of a numerical solution is no longer feasible. To deathigimatter, we

have shown how parallelization techniques coordinated with supercompatingrces make
the simulation process a more suitable and efficient one, allowing a thorgaltaton of the

CCA application.

On the other hand, the developed model is independent of the particatanuaication
system employed since its operation has been abstracted and charddigrae appropri-
ate message notification delay, including communication latency and drivetioredaimes.
Therefore, it also enables the performance evaluation of differentramication technolo-
gies. Similarly, different probability distributions for the parameters (intgdrisle distance,
velocity, driver reaction time, etc.) can be evaluated with the model. In additithetaverage
number of collisions, the analytic model enables the computation of the probatofitiee dif-
ferent ways in which the collisions may occur: both vehicles in motion, ongetbpnd one
in motion, etc. By assigning different degrees of severity to each collisissibility, detailed
accident severity functions can be defined.

Continuing with the model, we have shown in Chag@éiow it can be used as an effective
alternative to simulation for the numerical evaluation of CCA mechanisms, daffenssing
the limitations of current traffic simulators for accident simulation. We have dilstussed
our model’s limitations, being the main one the independence between the statesingies
(relative velocity and inter-vehicle spacing), which is not realistic in masgsand introduces
too much randomness, leading to pessimistic results. However, it has btiattypalleviated
by adjusting the input variables and their relative values. To illustrate thelimodpabilities
as an assessment tool for CCA application design we have evaluategmiffgpes of CCA
applications in two scenarios, a freeway and an urban scenario. $uksreuggest that the
variability due to the drivers reaction time is the main cause of accidents arhswing it
should be the main focus of a CCA application. This could be possible by atitdonaking,
that is, when the vehicle receives the warning message it takes oveolcmdrimmediately
starts to apply a coordinated braking policy, even though the driver iyetcaware of the
risk. This is one of the different CCA systems discussed. Results duthigeghe benefits
of implementing this CCA are relevant. On the contrary, results show that thefitseof
implementing a much more challenging cooperative system, able to coordinatsspee

marginal in most of the cases.
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6.1 Main summary

In the second part of the thesis, we decided to focus our research effithency and reli-
ability of emergency messages propagation, which should reach all tiodegalithin a certain
area in a limited time. The delivery of these geographically-addressed gesssgerformed
by the GeoNetworking protocollP], which uses a forwarding mechanism to route packets
through intermediate nodes until reaching the destination. As basic fangaatjorithms,
the standard defines Greedy Forwarding (GF) and Contention-Basaareing (CBF). As
defined by the standard, CBF is completely implemented at the network layeevidn CBF
might be also implemented directly at the MAC layer, in order to optimize its operatmmin-
stance, implementing CBF at MAC layer should result in lower latency, simesafding delay
is removed and only access delay counts. We have assessed hemasshager techniques,
allowing the exchange of information between the different communicationdagan help to
improve the operation of GeoNetworking by optimizing the forwarding algorithose.

In Chapterd, two CBF schemes implemented at MAC layer that use geometrically distrib-
uted contention slots were proposed. We have analytically evaluated tharidtpker-vehicle
success probabilities and compared them with a basic CBF mechanism. Wehbawethat a
weighted geometric distribution effectively prioritizes the access basedsitign for a wide
range of vehicle densities, while retaining the benefits of geometrical digbmisuvith respect
to success probabilities. In particular, while a CBF mechanism with static timedsre
adapt the contention window size to the number of contenders to avoidtpatksions, the
proposed mechanisms scale gracefully and do not even need to knownthbenof contenders.

Then, the necessity to compare these and other existent cross-layeigteshunder a
common framework emerged. Therefore, in Chaptese provided a survey and comparative
evaluation of the most relevant MAC-Network cross-layer proposaksftficient geo-routing in
the context of vehicular networks. We have focused on contentiosddAC mechanisms for
wireless nodes. The majority of them are based on the CSMA/CA mechanisisewheration
and performance can be controlled by several parameters, namelgntion window size,
random and deterministic carrier sense intervals as well as the probabitiippation for the
contention slots selection. Overall, it results in multiple degrees of freedomtiimiae the
medium access operation according to the most critical functionality offeyeétde network.
We have discussed both, techniques specifically addressed to veletharks as well as
general-purpose proposals, which can be adapted to VANETs. Tweyldeen described and
a unified formal description of different contention-based mechanissbden derived. This

formal description has been later used in a common framework for theorpehce analysis
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in the critical scenario of emergency messages delivery. As a noveltpeoiormance model
allows to analyze the case in which each vehicle selects its contention slot farawulifvay.

This model has been used to rigorously evaluate the selected proposalgléat®p and
multi-hop scenarios under ideal propagation conditions. Additionally, takiation has also
been done by simulation, whose results further validate our approach. tmMétkvaluation,
the strengths and weaknesses of the different mechanisms have been atlowing to con-
clude that it is preferable to achieve better success probability rathetrifiag to make the
packet advance as much as possible, at least for small contention wéizksy We have also
evaluated the proposals under more realistic channel fading conditibizsshds been done by
simulation, since our model cannot be directly applied to these cases. liuhitos, however,
there is actually little difference in the performance of the protocols. In faose proposals
which attempt to maximize the progress of the packet suffer a noticeabladagign in per-
formance. On the contrary, the basic CBF protocol specified by the &eamixking standard
performs well in most of the cases. Therefore, it is extremely important toitak account
the effects of realistic radio propagation for the design of new MAC prd$oc

6.2 Future work

To close this work we briefly outline some open issues and possible redieas that may be
of further interest.

Regarding the stochastic model presented in Chagtensl3, it should be enhanced in or-
der to deal with its current limitations. First of all, bivariate distributions shéaldntroduced
in the model, to capture state variable correlations, increasing the modedegcéis a second
step, it would be necessary to find appropriate joint distributions fordspad inter-vehicle
spacing. There is actually a lack of empirical models that jointly describe vetdcle spa-
cing and speed. Similarly, we have shown how to characterize the inpabladistributions
by using statistical models proposed in the open literature, but additiomatsefii the em-
pirical characterization of deceleration, reaction times and communicatioyscela clearly
necessary.

On the other hand, concerning the study of efficient geo-routing in VA$\Eealistic radio
propagation effects should be introduced in the analytical model dewkfop¢he protocols’
performance assessment, since they have a great impact on the resistés fot straight-
forward because the reception probabilities depend on the positions @fcigers and there
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is no global notion of success probability. Therefore, it would be intiexg$o analytically
define new reliability metrics which take into account the effects of chaméhd and hidden
nodes. It would also be interesting to work on new MAC proposals whioh itatlo account

those effects in their design.
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Supporting tools for parallelization

A.1 The OpenMP Technique

OpenMP is a well-known open standard for providing parallelization measimento multi-
processors with shared memoBg8[. OpenMP API supports shared memory programming,
multi-platform techniques for the programming languages like Fortran, C artd &nd for
every architecture including Unix and Windows platforms. OpenMP is alsieatand portable
model developed for hardware and software distributors which prevedlared memory pro-
grammers with a simple and flexible interface for developing parallel applicatidvich can
run not only in a personal computer but also in a supercomputer.

OpenMP uses the parallel paradigm knownf@k-join with the generation of multiple
threads, where a heavy computational task is divided intioreads forks) with less weight
and afterwards it collects their results and combines them at the end oftgtiex in a single
result foin). The master thread runs sequentially till it finds an OpenMP guideline and sin
this moment a bifurcation is generated with the corresponding slave thiHaelse threads can
be distributed and executed in different processors, decreasing imahighe execution time.

A.2 The Ben-Arabi Supercomputer

Our model is executed under the Ben-Arabi supercomputer resowhbash is placed in the
Scientific Park of Murcia (Spain). The Ben-Arabi system consists ofdifferent architec-
tures; on the one hand the central node HP Integrity Superdome SX2@0Q28 cores of
the Intel Itanium-2 dual-core Montvale (1.6 Ghz, 18 MB of cache L3) gssor and 1.5 TB

of shared memory, called Ben. On the other hand, Arabi is a cluster togsi$ 102 nodes,
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which offers a total of 816 Intel Xeon Quad-Core E5450 (3 GHz y 6 MiBazhe L2) processor
cores and a total of 1072 GB of shared memory.

We run our mathematical model within a node of the Arabi cluster environnsémg @, 4
and 8 processors in order to compare the resulting execution times. Lesaskrthat we are
using a shared memory parallelization technique, so we are not allowed taneotine use of
processors from different nodes.

Next we summarize the technical features of the cluster:
e Capacity: 9.72 Tflops.

e Processor: Intel Xeon Quad-Core E5450.

e Nodes number: 102.

e Processors number: 816.

e Processors/Node: 8.

e Memory/Node: 32 nodes of 16 GB and 70 of 8 GB.

e Memory/Core: 3 MB (6 MB shared among 2 cores).

e Clock frequency: 3 Ghz.

142



Computation of the distance
traveled by a vehicle in case of
collision

Let us recall that, when the parameters are not constant, collisions mayiodour different
ways: 1) vehicles have not started to brake; 2) only one of them is ly;aB)nboth of them
are braking; or 4) the front vehicle has stopped. Each one of thessthiities results in a
different distance to stopi., ;, that must be weighted by its probability of occurrenge,;,
and added to get the average distance travgleas in equatior2.21. Next, we describe the

process followed to compute these distances.

B.1 Collision when the vehicles have not started to brake

This event may happen if the difference of initial velocities makes the vehicéesth before
receiving the warning message.

For a given initial inter-vehicle spacing, a time instant should exist so that

‘/Zt = wflt+5i7 (Bl)
0 S t S min{di, 51’—1}' (BZ)

Solving equationB.1) we obtain

54

teyi(8) = —————. B.3
1, (S ) ‘/z _ ‘/2_1 ( )
Therefore, the distance traveled @y in this case is
Visi .
Dy, i(s5i) = Vite,i(8i) = ———, infe i < si < supe, i, (B.4)
’ ’ ‘/,L _ ‘V/zfl ’ I
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B. Computation of the distance traveled by a vehicle in case of collision

wherein f., ; andsup,, ; define the range of; in which this type of collision can happen, and

they are computed as follows:

e If V; —V;_1 <0, there is no solution (this type of collision cannot occur). Let us define

appropriate limitsn f., ; = sup., ; = 0.

o If V; —V;_1 > 0, then the conditiong.2) holds if and only if0 < s; < (V; — V;_1) -
min{d;, d;—1}. Let us define

infcl,i = O) (BS)
Supcw- = (V; — ‘/ifl) . min{éi, 51',1}. (BG)

B.2 Collision when only one vehicle is braking
In this case, the collision event depends on the relative reaction times ofivbesd That is,
due to a high reaction time, one of the drivers starts to brake too late.

e If §; = 9;,_1, then we have to skip to Secti@3, and so let us defin@ f., ; = supc,; =

SUPcy i-

e If 4, < §;_1, then vehiclel; starts to brake befor€;_, does.

For a given initial inter-vehicle spacing, a time instant should exist so that

Vit = G (t = 6;)% = Vieat + 54, (B.7)
0 <t < di-1. (B.8)

Solving B.7) we obtain the following solutions:

2
i — Vie i — Vie i — Vie 2s;
o (o) :VV1+@¢Cfﬁfﬁ o (V) 2

Qaj a; Qaj Qa;

(B.9)

2
i — Vie i — Vie i — Vie 2s;
b s VV1+@+¢Cf§f§ pon (VoY) 2

c2,1
(B.10)

The term in the square root is positive if and onlgif< 6;(V; — Vi_1) + W
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B.2 Collision when only one vehicle is braking

It can be proved that conditio®(8) does not hold fot”_ ., so the only possible solution

c2,1!

is t¢, ;- Therefore, the distance traveled Gyin this case is
De, i(si) = Vicate, i(8i) + i, infeyi < 8i < SUpey i (B.11)
Now, it remains to compute the rangesfin which this type of collision can happen:

— If V;—V;_1 <0, then @.8) does not hold, so we defiie f., ; = supc, ; = supe, ;-

—1f0o<V;—=Vi_1 <ai(d—1 — 0;), then B.8) holds fortg, ; if and only if

Vi = Vic1)?
0i(Vi—=Vic1) <5 < 8(Vi —Vicq) + (2wl)- (B.12)
Let us define
infei = 0;(Vi—Vic1), (B.13)
)2
SUPcy,i = 61(‘/; — V;,l) + (‘/;2;/;_1) (814)
- 1fV; = Vi1 > a(d;—1 — 0;), then B.8) holds fort?, ; if and only if
i(0i = 6i-1)*
0i(Vi—Vic1) <8 <0i—1(Vi = Vi) — a(21). (B.15)
Let us define
infe,; = 6(Vi—Vic1), (B.16)
Vi = Vie1)?
SUpPe,; = min {62-(‘/% — Vi) + g,
2a,~
(S 8 )2
0ic1(Vi = Vi) — W} - (B.17)
e If §; > §,_1, then vehicle;_; starts to brake befor€; does.
For a given initial inter-vehicle spacing, a time instant should exist so that
Vit = Vi1t — “5(t = 6i-1)? + si, (B.18)
01 <t < 6. (B.19)
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B. Computation of the distance traveled by a vehicle in case of collision

Solving B.18) we obtain the following solutions:

Viea =V Vi = Vi\\? Viei =V 2si
t2,.(s)) = ———L 61— \/<1) + 26i-1 < : ) + =2
-1 —1

ai—1 Q; Q; aj—1

(B.20)

Viei =V Viei = Vi) Viei =V 2si
thi(s) = 461+ \/<1) + 26i-1 < - ) + =
-1 —1

ai—1 a; a; ai—1
(B.21)
The term in the square root is positive if and onlgif> 6;,_1(V; — V;_1) — %

It can be proved thatB.19) does not hold for® ., so the only possible solution is

c2,1!
th
c2,1

(s;). Therefore, the distance traveled ®yin this case is

Doy i(si) = Vitl, i(si), infeyi < 8i < Supeyi- (B.22)

Now, it remains to compute the limiis f., ; andsup,, ;:
— If V;_1 — V; <0, then conditionB.19) holds fortﬁw if and only if
01 (Vi =Vic1) <8 < 0(Vi = Vica) + %(51‘ —6i-1)*. (B.23)
Let us define
iNfeyi = 6i1(Vi—Vio1), (B.24)

Gl (5 — 8io)?. (B.25)

Supe,i = 60;(Vi — Vi) + >

—1f0< Vi —=V; <a;i—1(6; — 0;—1), then 8.19) holds fort’;g’i if and only if

0<si < L6 —6im0)% = 6i(Viey — Vi) (B.26)

Let us define
infCQ,i = Supcl,ia (827)
supey; = (Vi — Vie1) + %(51- —8i_1)2. (B.28)
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B.3 Collision when both vehicles are braking

- IfViey = Vi > a;—1(6; — 0;—1), then conditionB.19) does not hold, so we define

N feyi = SUPcyi = SUPey i

B.3 Collision when both vehicles are braking

In this case, both vehicles are aware of the danger and have starteakéobut they are not
able to avoid the collision, due to their initial speeds and reaction times, and dHile dn
motion.

For a given initial inter-vehicle spacing, a time instant should exist so that

Vit — 4 (t — 0;)* = Vioat — “51 (6 — 6i-1)% + i, (B.29)
max {8y, 01} < ¢ < min { % + 6, Ta(hin) ), (B.30)

whereT;_(l;_1) is the time needed by vehiclg_; to travel the distancg_1, and it is calcu-

lated by the function:

Vs it z < Vidg,
T@) =9 v, ; . (8:31)
o +6; — a(d&i — l‘), if x> V.

In order to simplify the notation, we cal},;,, = max{d;,d;—1} andt,,q; = min {GK +
i, TH(E)}

If a; —a;_1 = 0, solving B.29) we obtain

S; + %(512 — )

tesilSi) = . B.32
»il51) Vi = Vic1 4+ ai(6; — di—1) (B.32)
Therefore, the distance traveled @y in this case is

Dy, i(si) = Vitesi(si) — %(%,i(&‘) —6i)?, infeyi < 8i < SUPey (B.33)

Now, we compute the integration limits in this case:

o If Vi — Viiy = a;(di—1 — ¢;), then B.30) does not hold, so let us definef.,; =

SUPc3,i = SUPcy,i-
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B. Computation of the distance traveled by a vehicle in case of collision

o If V; — Vi1 > a;(6;—1 — 6;), then 8.30) holds fort,, ; if and only if

(Vi = Vier + (6 = 6:1) bmin — 5 (57 = 674) < 51 <

< (Vi = Vit + (0 = i-1) maz — 5 (67 = 02.1). (8.34)
Let us define
infess = (Vi=Vict + (0 = 6imt)bmin — 5 (67 = 62,),  (B.35)

supesi = (Vi—Vie1 +ai(di — 6i-1))tmax — %(63 —062)).  (B.36)

o If V; — Vi1 < ai(di—1 — 0;), then eq. B.30) holds fort,, ; if and only if

(Vi = Vier + ai(8; — 0i—1) ) tmaz — %(53 —07 ) <8 <
< (Vi = Vi1 +ai(0; — 0i—1) )tmin — %(53 —67.1). (B.37)

Let us define

infai = (Vi Vit + @0 = 0im1)tomas — 507 = 021),  (B38)

supeys = (Vi = Vier + a6 = 6i-))bwin — 5 (07 = 67,).  (B.39)

If a; — a;—1 # 0 solving B.29), we obtain the following solutions

_n- V2 —~(a; — ai—1) — 2(a; — ai—1)s;

o= , B.40
o ai — ai—1 (B.40)
7 a0 ) —9%a —a .
t(é37z‘ _ 77 + \/77 V(a’b : a’b—ll) (G’Z al—l)sl’ (841)
a; — a;—1
wheren = V; — V,_1 + a;0; — a;—10,—1 andy = a;6? — a;—107_;.
Therefore, the distance traveled @y in this case is
i )2 ; .
Deyilsg) = § it~ B O il S oSk g g,
V;;tc:),,i - 72(7503,1‘ - 61) ) anc;),,i <5 < SUPcs i
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B.3 Collision when both vehicles are braking

The term in the square root is positive if and only if

2
Siﬁﬁ—%y for a; —a;—1 >0,
) 2 (B.43)
SiZm—i, fOI‘ ai—ai_1<0.

First we compute the limits fof?, ;:

e If a; —a;_1 > 0, then

— If —1— < t,:n, then B.30) does not hold fot?, ., and so let us definia f¢ . =

a;—a;—1 c3,1! €351
a — .
S'U/pC?”Z- = SUPcy i

— I tyin < —1— < tynas, then 8.30) holds fort, ; if and only if

= a;i—ai—1 —

2

YA — Q-1 9 n Y
PR A o S L L B.44
Momin 9 9 min — Si > 2(az’ _ ai—l) 9 ( )

Let us define
. a; — A;—
mn g:s,i = Nlmin — % - zT“tzm'nv (B.45)
2
n Y
Supgg’i = m - 5. (B.46)
i i—

— If —L— > t42, then @.30) holds fortg, ; if and only if

a;—a;—1

a; — Gj—1

Y — Qi1 Y
Ntmin = 5 = %tfnm < 50 < Ntmaz — 5 — thm. (B.47)
Let us define

. Yy a; — A;—1

inféy = Mmin =5 = =5 tpin, (B.48)

ot = mindp Y @G, oy

pc3,2 Mmaz 9 9 max? 2((11' _ aifl) 2 .
(B.49)
e If a; —a;_1 <0, then
—If ai_zl__l < tmin, then @.30) holds fort¢, ; if and only if
a; — ai—1 Gy — @i—1
ntmzn — % — %t%’nn § S; § ntmaz — % — %t?nax' (850)
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B. Computation of the distance traveled by a vehicle in case of collision

Let us define

2
' TG TGl n g
anggz = max {Utmm —5 i ; i tmins 2(a; — ai_1) - 2} )
(B.51)
A; — ;1
Supgg,z‘ = Nlmaz — % - %tgnaw' (852)
— I toin < a-—Z-,l < tmaz, then 8.30) holds forth’i if and only if
S G Ry B S S0 (B.53)
2(ai . aifl) 9 = i = NMlmax 2 2 max* .
Let us define
n? v
nfei = 5———— "5 B.54
m C3,0 2(@1 _ai_l) 27 ( )
TG — Qi1
SUpl i = Ntmaz — = — ————— e (B.55)

and so let us defing f¢ . =

c3,t

— If ——1— > t,,4,, then 8.30) does not hold for¢,

a;—a;—1 c3,1?

supg?”i = SUPcy -
It remains to compute the limits faf, ;:

e If a; —a;_1 > 0, then

—If 2 - < tmin, then @.30) holds fortlc’gyi if and only if

A;—a;—

74— Qi1 9 Yo Gy — Qi—1 9
Nmaz — 5 - thmam <s; < Ntmin — 5 — #tmin' (856)
Let us define
. Yy A; — A;—1
inflys = Mimar = 5 = =5 tar (B.57)
2
b i TG Gl n Y

e T {”t”“'“ B R T e 2}

(B.58)

150



B.4 Collision when vehicleC;_1 has stopped

— If —2— > t,,:,,, then B.30) does not hold fot®_ ., and so let us defina f°, , =

a;—a;—1 C3,1’ €3,

b _ a
SUPL, ; = SUPg, ;-

e Ifa, —a;_1 <0, then

— If —2— < t,42, then B.30) does not hold fot®, ., and so let us defing. f° . =

a;—Q;—1 — c3,1’ C3,1

b a
SUPey i = SUPey ;-

— If —L— > t42, then 8.30) holds fortlc’w- if and only if

a;—Q;—1

Y Gi— i Y G~ @il

Nmin = 5 = =5 tmin < 8 < Ntmaz =5 — =5 tmas- (B.59)
Let us define

b Y G — a1 n? ot

ey = | Mmin = 5 = Ty i 50y T 2

(B.60)
A; — Ai—1
Suplc)g,z‘ = Nlmaz — % - = 9 : tgnax. (B.Gl)

B.4 Collision when vehicleC;_; has stopped

The preceding vehicle has been able to stop safely but a rear collisiorcstilo

In this cases; should directly satisfy; < d,; — [;—1. The distance traveled y; in this

case is
Deyi(si) =lic1 + siy infe,i < 8 < supey - (B.62)
And we set
infeyi = SUpﬁw (B.63)
SUpPeyi = doq—li1. (B.64)
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