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Introduction

In the last decades, Intelligent Transportation Systeiir8g) have attracted the world-
wide interest of researchers, automotive companies, ahlicpgovernments. ITSs
promise to hugely improve safety, efficiency and sustalitaluf our transportation
system, by means of a massive introduction of Informatiom@ainication Tech-
nologies (ICTs). Dedicated Short Range CommunicationsROS wireless tech-
nologies will be a key component of future ITSs. A vehicle ipped with DSRCs
should be able to exchange information with its neighbaers, totally decentralized
and distributed manner, thus yielding to the formation ofedivular Ad-hoc NET-
work (VANET).

In this thesis, we present a class of innovative multihopaticast protocols,
based on solid mathematical foundations, and tailored fNETs. Their perfor-
mance will be extensively analyzed by means of numericaukitions in realistic
scenarios, by considering IEEE 802.11b and IEEE 802.11elegs interfaces. The
proposed protocols can be used on a variety of applicatioeijding Vehicle to
Vehicle (V2V) communications, distributed data collentiand information dissem-
ination. All these scenarios have been taken into accouhisrthesis.

After an accurate literature survey and a description ofstaedards of interest
(Chapter 1), this thesis will be structured around the foitg themes.

 Description of the simulation setup (Chapter 2). In thémeaf vehicular com-
munications, the role of numerical simulation is particiyyamportant, due to
the extreme difficulty on conducting realistic experimenisthis chapter we
present the simulative tools employed during this thessgudsing their limi-
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tations and compliance to the corresponding standards.

Design of a multihop broadcast protocol for VANETSs (Chaf#e We present
an efficient multihop broadcast protocol, denoted as loesible Forwarding
(IF), based on the concept of probabilistic forwarding. TiRerotocol is ex-

tensively evaluated in static V2V scenarios, principalfyrbeans of realistic
numerical simulations, even if a simple analytical framewas been derived.

Performance analysis of the IF protocols in mobile scasafChapter 4). In
this case we focus on a dissemination application, whered fRoad Side Unit
(RSUV) sends its data to the vehicles transiting in its prayinin particular,

we analyze the performance limits of this solution, by meahaumerical

simulations in realistic mobile environments, comprehansf highway and
urban roads.

Vehicular decentralized detection of a spatially consgrenomenon (Chap-
ter 5). Nowadays, vehicles are equipped by a large numbernsfoss, conse-
guently, VANETSs can be considered as distributed wirelessar networks.
In this context, we propose a distributed system able toieffity detect a con-
stant binary phenomenon. The system is composed by a chaded distribu-
ted detection algorithm, which takes benefit by the presefem underlying

cluster For this reason, we have derived a new protocol, tddras Cluster-
Head Election IF (CHE-IF), for the creation of a clusterdzhsopology in a
VANET. By using this protocol along with a pre-existent dgien distributed

algorithm, we will able to efficiently monitor a constant aig phenomenon.

Improvements of the IF protocol (Chapter 6). We presentgroved IF pro-
tocol, named Silencing Irresponsible Forwarding (SIFt tiffers a greater ef-
ficiency, without penalizing latency and reliability. Inglcase, the simulation-
based analysis of the protocol performance, is supporteal dymplete, even
if approximated, analytical framework, that offers preadnsights about the
protocol behavior.



Chapter 1

Literature Analysis and
Motivations

1.1 Introduction

In the last decades, Intelligent Transportation Systeirfs8g) have attracted the world-
wide interest of researchers, automotive companies, ahticpgovernments. ITSs
promise to hugely improve safety, efficiency and sustalitgluf our transportation
system, by means of a massive introduction of Informatiom@ainication Tech-
nologies (ICTs) [1-3]. In order to create an economicallstaimable ITS ecosystem,
a large number of projects have been conducted by instisifimom all around the
world [4]. For instance, the Advanced Safety Vehicle (ASWdgram in Japan [5],
the IntelliDrive project in the United States [6], and, infBpe, the numerous projects
coordinated by the Car 2 Car Communications Consortium (C&} [7], strongly
supported by the European Commission [8] and by the Europektommunica-
tions Standards Institute (ETSI) [9].

The future integrated ITSs will be based on vehicles praVviggesensorial, cogni-
tive, decision and communication skills. Theseartsvehicles will be therefore able
to perceive the surrounding environment, collecting bathlig-interest information
(e.g., air pollution measurements) or obtaining data neéoiethe autonomous real-
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time management of the vehicle itself [L0-13]. In preseri¢kase smartness prereg-
uisites, the vehicles can achieve a higher awareness tgvaleans of Inter-Vehicular
Communications (IVCs), a set of new generation technofygitandards and proto-
cols, that gives networking capabilities to the vehiclesailks to IVCs, the smart
vehicles can actively cooperate together and exchangeargleformation with ex-
ternal entities, for instance, local public authoritiesyast grid operators, and road
operators.

IVCs can be used by a plethora of services with different exigs, ranging
from safety-critical applications [14], with strict lateynand reliability requirements,
to bandwidth consuming infotainment applications [15, Hénce, does not exist a
single technology able to satisfy the needs of a such largetispn of applications,
and a complete IVC system has to rely on multiple technotogiethe same time.
For this reason, the more important international harnaiin effort for IVCs, the
Communications Access for Land Mobiles (CALM) [17] family standards of the
International Organization for Standardization (ISO)ires a heterogeneous net-
work architecture. CALM supports many communications tetbgies, including
cellular 2nd Generation (2G), cellular 3rd Generation (B8], satellite, infrared, 5
GHz Dedicated Short Range Communication (DSRC), 60 GHamater-wave, and
mobile wireless broadband, such as WiMAX [19].

The DSRCs protocols are certainly the more interestingiglclgy, since they are
expressly designated for IVCs and operate within the 28z frequency spec-
trum, an unlicensed band reserved for vehicular commuaitain USA, Japan and
Europe [4]. The IEEE 802.11p protocol [20] coupled with tk#&=E 1609 protocol
stack [21], is commonly known as WAVE protocol and it is tteefactointernational
DSRC standards and a key component of CALM. The IEEE 802/AWE technol-
ogy supports Vehicle-to-Vehicle communications (V2V),ash the vehicles are the
unique entities involved in the communication processalsd the so-called Vehicle-
to-Infrastructure (V2I) and Infrastructure-to-Vehicl2Y) modes, where at least one
of the endpoints of the communication is represented by d fhezess Point (AP).

DSRCs protocols have been conceived for operate in a defieatt manner
without the need of central communication authoritiesrefare, the DSRCs nodes
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are able to self-organize forming a so-called Vehicularhdd-NETworks (VANETS)
[22], a particular type of Mobile Ad-hoc NETworks (MANETS23, 24], where the
network nodes are vehicles moving in a road infrastructdteTThanks to their de-
centralized nature, VANETS offer several advantages veiipect to traditional cen-
tralized approaches (i.e., WIMAX and 2G/3G cellular netkg)r In particular, they
natively support broadcast communications, they work atiapregions without net-
work coverage (e.g., tunnels), and they exhibit a much smé&dtency. One of the
peculiarity of VANETSs is the co-existence side-to-side afdricast and unicast trans-
mission techniques. In fact, while in traditional netwotke broadcast protocols are
typically employed as auxiliary support tools, in VANET®thhave a more impor-
tant role, since they can be used also as data-bearing ptataven in multihop
configurations. For instance, a multihop broadcast protitsovell the exigences of
applications like the diffusion of security-related meagsa(e.g., warning alerts) or
public interest information (e.g., road interruptions).

In this work we present a family of multihop broadcast fordiag protocols suit-
able for a wide range of VANETSs applications, ranging fronecident-preventing,
to data collection applications. Our protocols can be eygalan all the aforemen-
tioned scenarios, namely, V2V, 12V and V2I, side to side @yimbiosis with unicast
protocols. The proposed protocols were designed in ordepmjugate efficiency,
reliability and low-latency. Although they can virtuallyelused with any underlying
PHYsical (PHY) and Medium Access Control (MAC) layers, i opinion the IEEE
802.11 protocol is the ideal choice for deploying VANETS,deveral strong reasons.
First of all, the IEEE 802.11p protocol is thke factochoice for the realization of
VANETSs all around the world, at least in medium-long termigper Moreover, even
if the date of its effective arrival on the market is unprealide, the IEEE 802.11p
protocol has the advantage of being very similar to the prgtent IEEE 802.11
suite, in particular, with respect to the IEEE 802.11a ammeamdt. Therefore, in the
short-term period makes sense deploying a VANETSs systeedbas the traditional
IEEE 802.11 standards, especially if we consider the utmgeipresence of the tra-
ditional IEEE 802.11 radio interfaces in residential anchomercial buildings, and in
every smart mobile device. As a consequence of this chdiegpeérformance of the
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proposed broadcast protocols have been extensively aublyz means of theoreti-
cal analysis and numerical simulations performed on topl&&E 802.11 protocol
stack.

This chapter is structured as follows. In Section 1.2 weoitiice the principal
characteristics of the IEEE 802.11 standard, since the IEBEEL1p protocols is de-
fined an amendment of it. The IEEE 802.11p is presented indpett3 together
with the IEEE 1609 protocol stack. In Section 1.4, we consible problem of ana-
lyzing, by means of numerical simulations, the performaaiceouting protocols in
VANET, presenting the principal concerns and obstaclegairtticular with respect
of the problem of modeling the mobility of the vehicles. Inc8en 1.5, we review
the literature related to the role of forwarding protocaisMANETS, in particular
with respect to the multihop broadcast protocols. Findtiginks to the large number
of sensors which normally equip the vehicles, VANETSs can &nally considered
as a distributed Wireless Sensor Network (WSN), in Secti@énwle present some
techniques which allow to exploit the VANETs as a WSN.

1.2 The IEEE 802.11 Standard

The IEEE 802.11 standard specifies PHY and MAC layer for sewipless local
area networks (WLANS) [25]. Although its first release wabl@ined in the far 1997,

it is not yet a obsolete technology. In order to accommodasritroduction of new
functions the standard has been continuously modified ¢gfirttue release of specific
amendments processes. An up-to-date release of the slaaglgnegating several of
these amendments, was released in the 2007 and denotedeEa80EH 1-2007 [26].
In particular, thea, b, andg amendments were introduced, respectively as the chapter
17, 18, and 19 of [26], while the amendmenthat has introduced the support for
Quiality of Service (QoS) at MAC level, has been merged in tdref Two important
amendments, IEEE 802.11p [20] and IEEE 802.11n [27], esaseld in the last two
years and hence, they are not yet included in the standaedPTY layer aspect that
are of interest for our work will be discussed in Subsectidh1l, will the relevant
MAC layer characteristics will be analyzed in Subsectidh2..
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1.2.1 Physical layer

The IEEE 802.11 standard defines several PHY layers diff@rinerms of modula-
tion format and carrier frequencies [26]. Because of thesatescence we ignore
some of them, namely, the legacy Frequency Hopping Spreadti®m (FHSS),
Direct Sequence Spread Spectrum (DSSS), and InfraRed (@ylations, respec-
tively, defined in Chapter 14, 15, and 16 of the standard [@&}.also ignore the
IEEE 802.11n amendment [27] that defines an high rate Maltigbut Multiple Out-
put (MIMO) modulation format, because it has not reachedaymifficient diffusion
(especially in handheld devices), and because its disgshgdIMO capabilities are
not yet supported by the IEEE 802.11p amendment. We therébaus on the re-
maining physical layers, introduced in the amendmanks andg.

The IEEE 802.11b amendment (now in the chapter 18 of [26])iftasduced
the so-called High Rate Direct Sequence Spread SpectrunD@ES) modulation,
that combines the original DSSS modulation of the legacgdsted with a 8-chip
Complementary Code Keying (CCK) modulation, providing aximmaum data rate of
11 Mbit/s. The IEEE 802.11b defines 14 overlapped channel$t22width centered
in the nearby of 2.4 GHz frequency. Being overlapped thegesrong co-channel
interference, and therefore the channels cannot be usedgelher. Thanks to its
adaptive rate selection capabilities, a IEEE 802.11b nétwaerface can select the
desired data rate among the $&t2 5.5 11} Mbit/s. Obviously, a lower data rate
leads to a higher receiver sensitivity, thus allowing torapzin harder channel con-
dition with a lower Signal to Noise Ratio (SNR). As a rule ofithb, downscaling
the data rate from 11Mbit/s and 1Mbit/s, allows to improve sensitivity of approx-
imately 8 dB.

On the opposite hand, the IEEE 802.11a amendment (now inftapter 17
of [26]) is based on a more robust Orthogonal Frequency Dividlultiplexing
(OFDM) modulation that offers a greater maximum data raté4doMbit/s. Also in
this case, the radio interface can adaptively selects laata rates, scaling down
up to 6 Mbit/s. Differently from IEEE 802.11b, the IEEE 802alworks in the
[5.2,5.8] GHz frequency band. The number of channels is not fixed siacde used
channels of three different size, namely, 5, 10, and 20 MHzhEchannel is sep-
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arated into 52 orthogonal sub-carriers. Depending on théulaton scheme each
sub-carrier encodes a specific number of bits in each syrfdyadxample, using the
relatively simple Binary Phase Shift Keying (BPSK) modidatscheme, each sub-
carrier encodes 1 bit. The signals of all sub-carriers amsformed into the time
domain as symbols of fixed length. Subsequent symbols asgated by a guard in-
terval in order to avoid interferences between distinctlsgim The duration of the
guard interval is function of the channel bandwidth. In joatar, with a channel size
equal to, respectively, 5, 10, and 20 MHz, the correspondirayd interval length is
equal to 3.2, 1.6, and 0/8s.

Finally, the IEEE 802.119g release (now in the chapter 19 6f)[@efines the
Extended Rate PHY (ERP), a collection of different PHY @dlitiretro-compatible
with the pre-existent modulation formats (especially tHe/BISSS). However, only
the ERP-OFDM mode is implemented by almost all the chipsiitttve other mod-
ulation are not very spread in the market [25]. The ERP-OFDbdlnfation format
is basically a simple transposition of the IEEE 802.11a ORDbtulation in the 2.4
GHz band, with a few minor changes to provide backwards caibilig. It supports
the channel bandwidth, data rates and guard intervals d&BE 802.11a modula-
tion.

1.2.2 MAC layer

The basic building block of an IEEE 802.11 network is the B&grvice Set (BSS),
a group of STAtions (STAs) that can communicate with eaclerotieEE 802.11
offers different opportunities to build a BSS, for instannedes can form an Inde-
pendent BSS (IBSS) with no central coordination authodty,as in environments
with infrastructure (i.e., AP) be part of an infrastructi88S which is identified by
an individual identification number.

The IEEE 802.11 standard defines three types of frames, raavead, control,
and data, that share a set of common characteristics. licydart all the frames
include a bit field for frame control, a duration field, seVaddresses, the frame body
and a Frame Control Sequence (FCS) for error detection. &datiipe is derived and
adapted from the generic format (i.e., specific fields and dments are added or
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left out).

IEEE 802.11 provides several approaches for medium acosgsok (i) Point
Coordination Function (PCF), that is only applicable if aR & available; (ii) Di-
stributed Coordination Function (DCF), that can be used aisfully distributed
networks; (iii) Hybrid Coordination Function (HCF), defthén the IEEE 802.11e
amendment [28]. Within the HCF, there are two methods of sbhaccess, sim-
ilar to those defined in the legacy 802.11 MAC: HCF Control@&annel Access
(HCCA), and Enhanced Distributed Channel Access (EDCA)dth EDCA and
HCCA, every packet has to be assigned to a particular Acckss CAC). In turn,
every AC establishes different channel access settinlgsyia to assign different
priority levels to the packets [4]. Since the PCF and the HGfi#&chanism are not
of interest in VANETS, in the rest of the section we focus om BBCF mechanism,
while greater details about the EDCA mechanism will prodideSection 1.3.

The DCF defines two different channel access mechanisntspbsed on a Car-
rier Sense Multiple Access with Collision Avoidance (CSNIA) strategy, that dif-
fers for the number of employed control packets:

» the Basic Access;

« the Ready To Send / Clear To Send Access, indicated in thenmMolg as
“RTS/CTS Access” for sake of conciseness.

Basic Access

The functioning of the Basic Access is represented in Figukeand is the following.
When a STA has a frame ready to be transmitted, its MAC layarkies the Clear
Channel Assessment (CCA) functionality of the PHY layer ébedmine the status
of the channel (e.g., busy or idle). If the channel remaifesfiok a period of time at
least greater than a Distributed InterFrame Space (DIR8)STA is free to immedi-
ately transmit. On the opposite hand, if the wireless medwusy, the STA shall
defer transmission until the medium remains idle for a willeS without interrup-
tion. After this period, the STA generates a random backeffqa for an additional
waiting time before transmitting. The STA transmits whea Hackoff time reaches
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Deferring AIFS[] Backoff

DIFS
Packet Post-backoff

DIFS Contentention Window

........................ SIFs
Deferring - Backoff Packet

Figure 1.1: Distributed Coordination Function mechanisefireed by the IEEE
802.11 standard.

zero. At each transmission, the backoff time is uniformlgsdn in the rang, CW],
where CW is the current backoff window size. The backoff getiis slotted and the
duration of a backoff slot is defined ag ot (dimension: [is]). The duration of the
backoff expressed in terms of number of backoff slots is tlhas Backoff Counter
(BC). This number is decremented as long as the medium i®dedke, and it is
frozen when a transmission is detected on the channel. Huotivation can happen
when the medium is sensed idle again for more than a DIFS.

In case of unicast transmissions, after a period of timeldq@eShort InterFrame
Space (SIFS) the destination STA has to send an acknowledd&€K) in order to
confirm the (hopefully) successful reception of the packee SIFS is shorter than
the DIFS thus giving a higher priority to the ACK transmissiéfter the reception of
the ACK, the sender STA is forced to begin a backoff periodotied agpost-backoff
Otherwise, the sender would “capture” the channel preptuttie channel access to
the other STAs. So, if another frame is ready for transmisbifore this post backoff
period ends, the STA has to execute it until the end beforsinitting the frame. If
the original sender does not correctly receive the ACK, #itdhias not yet exceed
the maximum number of retry, it can re-attempt the packetstrassion from the
beginning, after having doubled its CW value. We note thatGhV is initialized to
CWhin, and it cannot never exceed the value G\

In case of a broadcast transmission the use of the ACK isdddbi, determining
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a slightly different Basic Access behavfowithout ACKs, the sender cannot known
the status of the packet reception at the destination arréftite there are never
retransmissions (at least at MAC layer). This leads to s¢wensequences:

 CW is never increased and it is always equal to W
« the transmissions are intrinsically less reliable;
« the transmission overhead is smaller.

Because of the less reliable transmissions it is necessaydpt suitable counter-
measures at the upper layers (network and transport).

We finally observe that, when the last received packet bytaicemnode was cor-
rupted? the DIFS period shall be replaced by a longer Extended IFBSEperiod.
If we define the duration of a SIFS, DIFS and EIFS, as respalgtiVs ks, Tpirs, and
Teirs (dimension: [is]), we relationships among them are the following:

Toirs = Tsirs+2TsLoT

Teirs = Tsirs+ Toirs+ Tack

whereTack (dimension: 1s]) is the time required to transmit an ACK frame.

RTS/CTS Access

The RTS/ICTS Access mechanism envisions two additionalraloframe, respec-
tively, the Ready To Send (RTS) and the Clear To Send (CTepscintroduced
for coping with the well known hidden terminal problem th#feats MANETSs and
VANETS. In particular, the exchange of these small size robpiackets leads to the
creation of a secondirtual contention channel, commonly denoted as Network Al-
location Vector (NAV), superposed over the real physicarotel. As a consequence
of that, the STA can transmit only and only if both the real dimel NAV channel

1The use of the ACK is forbidden since the ACKs sent by distitesttination nodes will inevitably
collide at the original sender.
2A received packet is considered corrupted if the corresipgnilCS field is wrong.
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Table 1.1: Main parameters of IEEE 802.11a and IEEE 802.tduards.

Parameter IEEE 802.11b| IEEE 802.11a (20 MHZz)
Carrier Frequency [GHz 2.4 5.8
Bandwidth [MHZz] 22 20
OFDM Guard Time [is] - 0.8
CWhnin 31 15
CWhax 1023 1023
TsLor [uS] 20 9
TsiFs [Us] 10 16
Data rates [Mbit/s] 1,2,5.5,11 | 6,9, 12, 18, 24, 36, 48, 54

are idle, otherwise it has to defer its transmission. It ipontant to point out that
broadcast transmissions cannot use the RTS/CTS mechdoisthe same reason
for which they cannot use ACKs

1.2.3 Main IEEE 802.11 parameters

In Table 1.1 we have summarized the main default paramegirsed in [26] for the
IEEE 802.11a and IEEE 802.11b standards.

1.3 The WAVE Protocol Stack

The IEEE has realized a totally new protocol stack (commaaigoted as WAVE)

that covers the specifics of IVCs: highly dynamic and mobiteimnment, mes-

sage transmission in an ad-hoc manner, low latency, anchperin a reserved

multi-channel frequency range. As shown in Figure 1.1, WAX&intains the tradi-

tional ISO/OSI protocol stack [29] and is composed a cdbechf standard, namely,

IEEE 802.11p the IEEE 1609 standards family [30]. The latfines higher layer

services, such as system architecture, security, resouaoagement and the com-
munication model [21], while IEEE 802.11p is focused on PHid MAC layer.
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Resource Manager
IEEE 1609.1

UDP/TCP

WSMP .
IPv6 WME Security
services

IEEE 1609.2

LLC

IEEE 1609.3

Multichannel MLME

IEEE 1609.4 . ation  extension
IEEE 802.11p MAC MLME
IEEE 802.11p PHY PLME
Data plane Management

plane

Figure 1.2: Protocol stack jointly defined by the IEEE 160€ #me IEEE 802.11p
standards.

IEEE 1609

IEEE 1609 is defined by 4 sub-protocols, with different fimas and a different
grade of maturity.

More specifically, IEEE 1609.1 is a sufficiently mature staad(it dates 2006)
and it basically defines a resource manager [31] acting aswsdurcing” manager.
In other words, it allows to physically separate the appitices from the physical
radio interfaces, either Road Side Units (RSUs) or On-Baarits (OBUS). For ex-
ample, an application can run on an external device, suchsmsaathphone or a
Global Positioning System (GPS) [32] navigator, withoufiag computational load
and complexity to the OBU. This should allow to reduce thet eosl increase the
reliability of the OBU and RSUs.

The IEEE 1609.2 standard [33] defines security serviceh®WAVE network-
ing stack and for applications that are intended to run dweistack, such as authen-
tication of STAs and encryption of messages. IEEE 1609.2iges mechanisms to
authenticate WAVE management messages, to authenticawsages that do not re-
quire anonymity, and to encrypt messages to a known retipien
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The IEEE 1609.3 defines the networking services for IVCsjtbugpecifications
are still in draft form [34]. The WAVE networking servicesrche divided into two
sets: (i) data-plane services, with data-bearing funsti@if) management-plane ser-
vices, charged of the system configuration and maintenaN&¥E supports both
two network-layer protocols: (i) the traditional IPv6 ring protocol [35], together
with the transport protocols associated with it; (i) then&AVE Short Message Pro-
tocol (WSMP), expressly designated for accommodate highrity, time-sensitive
communications [30].

The IEEE 1609.4 specification, that is still a draft, defines érganization of
multiple channels operations [36], and therefore it hasangtrelation to the EDCA
mechanism, described in Paragraph 1.3. IEEE 1609.4 ensi#fi@ presence of a sin-
gle Control CHannel (CCH), reserved for system control aafdtg messages, and
up to 6 Service CHannels (SCHs) used to exchange non-safttypeckets (e.g., IP
traffic) and WAVE-mode Short Messages (WSM). According te thulti-channel
operation, all vehicular devices have to monitor the CCHmducommon time in-
tervals (the CCH intervals), and to (optionally) switch twedSCH during the SCH
intervals. The described operation allows the safety wgrmnessages to be trans-
mitted on CCH using the WSM protocol, while non-safety daipli@ations, either
running over IP or WSM packets, use the SCHSs.

IEEE 802.11p

The IEEE 802.11p standard differs form the existing IEEE.802 standard in three
main aspects [37]: (i) the definition of BSS; (ii) some detaif the PHY; (iii) the
MAC layer.

In the WAVE mode, data packets transmission is only alloweeddcur within
a IBSS, which is established in a fully ad-hoc manner, wittany need for active
scanning, association or authentication procedures. A tiogt initiates a IBSS is
called provider, while a node that joins a IBSS is called ubBeestablish a IBSS, the
provider has to periodically broadcast on CCH a IBSS annement message, which
includes the WAVE Service Advertisement (WSA). The lattegssage contains all
the information identifying WAVE applications and assdet network parameters,
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necessary to join a IBSS (e.g., the ID, the SCH index, andchtinmformation). A
node should monitor all WSAs on CCH to learn about the extsteand the opera-
tional parameters of available IBSSs.

The IEEE 802.11p physical layer is an amended version of HieEI1802.11a
specifications, and it is thus based on a OFDM modulation.ahaates the use of
10 MHz channels that offers a greater resistance with réspabe channel delay
spread, thanks to its double guard time (ju$). The 10 MHz leads to halved data
rates, and the maximum sustainable data rate becomes 2/8 M#ét remark that, dif-
ferently from the IEEE 802.11a whose use was forbidden fegrsdyears in Europe,
the use of IEEE 802.11p is already allowed since regulateth®\ETSI European
Standard 202 663 [38].

The IEEE 802.11p MAC layer has the same core mechanism of EDEé-
duced in the IEEE 802.11e amendment [28], and already nmattion Section 1.2.
EDCA maintains the distributed approach of the CSMA/CA gpcot as in legacy
DCF, but introduces four Access Categories (ACs), each efieidg a priority level
for channel access and having a corresponding transmigsigure at the MAC layer.
Each AC in the queue behaves like a virtual STA, and it follitwwn DCF algo-
rithm, independently contending with the others to obtam ¢hannel access. Each
i-th AC has a set of distinct channel access parametersdinglArbitration Inter-
Frame Space (AIFS) duration and contention window size WV and CWhaxi]).
The AIFS has the same meaning of DIFS parameter in the DCFKithigobut the
different duration, and it is defined as:

Tairsli] = Tsirs+ AIFSNIi] - TsLor,

where AIFSNi] is an adimensional parameter different for every AC. Cleavhen
AIFSNIi] = 2, Tars[i] becomes identical tdyrs. The amendment [28] has also intro-
duced the possibility of sending a train of consecutive frdaoy the concept of Trans-
mission Opportunity (TXOP), but this feature is not ex@ditoy the IEEE 802.11p
amendment.

Inthe IEEE 802.11p standard the access mechanism is pyaopedified to work
in the multi-channel WAVE environment, by implementing teaparate EDCA func-
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Figure 1.3: Enhanced Distributed Channel Access mechagésimed by the IEEE
802.11p standard.

tions, one for CCH and one for SCH, which handle differerg ségueues for pack-
ets destined to be transmitted on different channel interes shown by Figure 1.3.
In Table 1.2 are summarized the more interesting parametehe PHY and MAC
layers of IEEE 802.11, with the exception of the EDCA parareethat are listed in
Table 1.3. From Table 1.3 we observe that IEEE 802.11p usesattme CW,i, and
CWax values of the original IEEE 802.11e specification [28], Highgly modified
AIFSN values. While in standard WLAN the AC_VI and AC_VO msanmespec-
tively, Video and Voice, in the case of IEEE 802.11p, AC_VdakC_ VO have to
interpreted as ACs reserved for prioritized messages itical safety warnings).

1.4 Simulative Analysis of VANETSs

According to [39] VANET simulation software can be clasgifiato three categories:
(a) vehicular mobility generators; (b) network simulataad (¢) VANET simula-
tors. A mobility generator software simulates the dynangbdvior of the vehicles
in a given road infrastructure, producing mobility tracesataining a sequence of the
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Table 1.2: Main parameters of the IEEE 802.11p standard.

Parameter IEEE 802.11p
Carrier Frequency [GHz 5.9
Bandwidth [MHZz] 10
OFDM Guard Time [us] 1.6
CWhin See Table 1.3
CWhax 1023
TsLot [Hs] 13
TsiFs[us] 32
Data rates [Mbit/s] 3,45,6,9, 12, 18, 24, 2¢Y

Table 1.3: EDCA parameters of the IEEE 802.11p standard.
AC CWnin | CWmax | AIFSN
AC _BK 15 1023 9
AC _BE 15 1023 6
AC_VI 7 15 3
AC_VO 3 7 2
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spatio-temporal coordinates of each vehicle involved endimulation.

There are several types of mobility generator [40], somebas=d on measure-
ment campaign of real road traffic, while others are synthéti the sense that are
generated according to a mathematical model. A partiabfistynthetic models in-
cludes [41]: (i) stochastic models, the vehicles movem&bnstrained to the road
topology but it is random; (ii) traffic stream models, veh@umobility is treated
as a hydrodynamic phenomenon; (iii) car-following modéte behavior of each
driver is computed on the base of the dynamic state of thesunding vehicles; (iv)
flows-interaction models, built upon an instance of one ef phevious categories;
(v) cellular automata approaches [42]; (vi) behavioral gled43]. According to
the results of the extensive analysis conducted on [41]fldies-interaction models
based on car-following models represent the best tradeitden complexity and
fidelity to the reality. The car-following models were firghployed in the 50's and
are continuous-in-time microscopic models, able to deterthe behavior of each
vehicle on the basis of the states (in terms of position, dipaeceleration) of the
surrounding vehicles. A list of mobility generator soft@aomprehends, Simulation
of Urban MObility (SUMO) [44], VanetMobiSim [45], FreeSird§], CityMob [47].

Network simulators perform detailed packet-level simolabf source, destina-
tions, data traffic transmission, reception, backgrouradi |aoute, links, and chan-
nels. The mobility traces generated by the mobility gemerate provided as input
to the network simulator. The principal up-to-date operresegoftware with a large
base of user are Network Simulator 2 (ns-2) [48], his suardsstwork Simulator 3
(ns-3), and OMNeT++ [49].

Finally, the third category, which of VANET simulator, it emmpasses software
that integrates both the mobility generator and the netvegariulators, potentially
allowing to exchange data bidirectionally between the temponents of the sim-
ulator. The most representative software in this categoeyGrooveSim [50], NC-
TUns [51], Traffic and Network Simulation Environment (TIaN[52], and the re-
cently released Veins [53].
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1.5 Multihop Broadcast Protocol in VANETSs

Being a subset of MANETS, the VANETS share a lot of charasties with them, but
VANETS are different in several aspects: (i) the nodes nitglid much higher; (ii) the
wireless channel in VANETS has worse propagation conditiam MANETS, with
more severe fading effects; (iii) the network shape of VANEERN be approximate
by a series of nodes lying in the same one-dimensional lidg [Bhe latter linear-
ity assumption can be motivated as follows. The width of atitahe road is much
smaller than the transmission range of a IEEE 802.11p rakoface (hundreds of
meters), therefore a single road can be modeled as a unisiiomah space. Vehicles
moving in distinct roads cannot communicate together, Withexception of short
temporal windows in correspondence of road junctions. ¢t fahile in urban scena-
rios, the presence of buildings inevitable blocks the comigation between different
roads, in non-urban scenarios roads are typically seghbgtéoo large distance with
respect to the transmission range of a IEEE 802.11 radidac

The purpose of a multihop broadcast protocol is which ofveeji a packet from

a source to the all the nodes within a certain spatial redioeentralized network
such as cellular networks and in low-mobility MANET, the Adzast communica-
tions are mostly used for finding the route for a particuldro$elestinations. On the
contrary, in VANETSs broadcast protocols play a major ratethiis field there are sev-
eral applications relying on broadcast transmissions.eikample, in safety-related
applications where the main goal is which of preventing efelsi collisions, the mes-
sages are useful only if sent with a latency smaller then 18rall the surrounding
vehicles. This result cannot be achieved by traditionatasti and multicast proto-
cols, since because of the high vehicles mobility multigastocols, they have an
extremely elevated overhead [55].

In sparse VANETS, with a few vehicles for kilometer, an efffezmultihop broad-
cast protocol can be realized by simply adopting the floo@imigcy, according with,
every network node is a broadcaster. However, the validith@flooding solutions
is limited by the intrinsically broadcast nature of the wéss medium. In fact, in
VANETSs with a high vehicle density (e.g., dozens of vehidlethe node transmis-
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sion range), the flooding approach inevitably leads to noosecontentions and col-
lisions. This phenomenon in known in literature as the bcaatistorm problem [56].

In order to increase the effective throughput is necessanmyduce the number of
transmissions. This problem has been deeply investigatadebMANET research
community, and it is possible to find a theoretical optimduton. Let model a
MANET as a graplG(V, E), whose vertexes represent the nodes of the network. The
number of nodes in the network, denoted\gscoincides with the cardinality of the
setV, N = |V|. An edge between a pair of vertexes marks the existence diflaniee-
less link between these nodes. The cost associated withhdpb@(V, E) is defined
as the number of transmissions needed to reach all the gertixs well known that
the so called Minimum Connected Dominant Set (MCDS¥¢Y,E), corresponds
to the set of nodes guaranteeing the minimum number of triasgms [57]. Given a
graphG(V,E), the MCDS problem is to find a minimum connected sulssetV, in
which all elements iV — Sare adjacent to at least one nodesirOnce defined the
MCDS of G(V,E), N™" = |§| is the source belong to the MCDS, Nf"" = |§ + 1
on the opposite case [58]. In bi-dimensional network toggldhe MCDS is a NP-
complete problem, only solvable in a polynomial time by adapsome approxima-
tions [57-59]. In one-dimensional network, as in VANETs MCDS is a signif-
icantly easier task that can be accomplished by simply Setethe last reachable
node at every hop. However, because of their high mobilit)/ANETs the MCDS
solution remains valid for a short time and it cannot be effity exploited.

As a consequence of that, VANETs broadcast protocols, wigheixception of
some cluster-based approaches [60,61], typically act istélmlited manner, without
keeping trace of the network state. There are a multitudeutimop broadcast pro-
tocols, based on different techniques, but with the comnua of selecting a single
node in every transmission domain, ideally the furthesnftbe previous transmitter.

In [56, 62], the authors have proposed several distributetisimple protocols,
known as counter-based, distance-based, and locati@ubasere the node com-
pares an adaptively set threshold with the correspondica iaformation (number
of packet receptions, distance, or position). Among théma,ldcation-based proto-
cols is resulted to be effective and reliable. The posibased broadcast protocols
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(see [63] and references therein), are a class of protogbiting the knowledge
of some geographical characteristics of the network, taravg the retransmission
efficiency. For example, the Geographic Random Forward®eRaF) [64] proto-
col takes advantage of the knowledge of the positions ofcgoand destination,
while the Emergency Message Dissemination for Vehiculairenments (EMDV)
protocol [65] achieves remarkable performance by usindp lgeographical infor-
mation and information concerning the local network toggldHowever, position-
based protocols have a major shortcoming, the need of hanfogmation about
the network topology and the geographical characterisfitee environment where
the nodes are located [65], that have to be obtained by permhcon messages.
The EMDV protocol obtains the best results when it can eiffelst to elect a pre-
designated node forwarder node, while in other cases heaactsdistance-based
IEEE 802.11 protocol, that has been demonstrated to be Suiab22].

Since collecting this kind of information may be very expeasn terms of over-
head, several probabilistic broadcast protocols have temtly proposed with the
goal of achieving the same performance level of positicsetdgrotocols without the
need for major information exchange [66—71]. These prdsoare designed around
the idea that each node forwards the packet with a certaipapility p < 1, com-
puted according to local information a-priori owned by tlale, or inserted in the
packet itself. An entire class of probabilistic protocolasaproposed and analyzed
in [54].

Besides the probabilistic-approaches, there are othaticas allowing to have
good performance without the exigence of exchange auxili@ssages. An efficient
IEEE 802.11-based protocol, denoted as Urban Multihop drast (UMB), was pro-
posed in [22] and further extended in [72]. The main contidmuof UWB is which of
suppressing the broadcast redundancy by means of a blask{bbhannel jamming
signal) contention approach [73], followed by a RTS/CTK&-limechanism. Accor-
ding to this protocol, a node can broadcast a packet only ladteéng got the channel
control. In particular, the transmission range of the seuscpartitioned in distinct
region. Each region is associated to a different duratiah@jamming periods, and
this allows to select a single node. The UMB approach carctafedy obtain a high
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penetration rate, but at the price of a high latency [74].

A different approach is adopted by another 802.11-basetbgh the Smart
Broadcast (SB) protocol proposed in [74]. Similarly to UMEB partitions the trans-
mission range of the source, associating non-overlappnteation windows to dif-
ferent regions. Moreover, it uses a RTS/CTS-like mechari@nselecting the for-
warders. Albeit these similarities, the main goal of SB &nfinimization of the time
to perform a hop. For this reason it does not necessarilgtsttle relay in the region
that provides the largest progress, and it does not spereddinesolve collisions. For
this reason SB has worse penetration than UMB but a muchantaténcy [74].

Finally, the Binary Partition Assisted Protocol (BPAB) [#&kes concepts from
both UMB and SB, and it denotes therefore similar perforreamdhile the authors
shown a performance gain with respect to the SB protocolswirdensity and irreg-
ular topologies.

1.6 VANETS as a Distributed Wireless Sensor Network

An overview of vehicular sensor network technologies apdds has been recently
carried out in [76], where vehicles continuously gatheocpss, and share location-
relevant sensor data (e.g., road condition, traffic flow iffiormation collection and
dissemination can be performed using IVCs [11, 77] as wélirrg@ on the presence
of the infrastructures [78]. The increasing popularity wfastphones, with onboard
sensor capabilities and Internet data connections (eg3ceBular networks), is an-
other key factor for rapid development of vehicular tecog@s. In [79], the problem
of monitoring road and traffic conditions in a city is takemoimccount and a novel
system, called Nericell, is presented. In particular, bedtis based on sensing by pig-
gybacking on smartphones carried by users and its effeetsseis evaluated on the
basis of experiments conducted on the roads of Bangalad&. llm order to satisfy
the requirements of the aforementioned applications,rataathors have proposed
broadcast transmission techniques, but the design of ameeffiand reliable broad-
casting forwarding protocol is not an easy challenge [55pntpioneering works,
such as [80], cluster-based networks have found a fertitdiGgtion ground in the
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field of wireless sensor networking, since they allow to redonetwork congestion,
to increase the spectral efficiency, to simplify routinguess, data aggregation, and
dissemination. Data aggregation and decentralized dmteaim to detect, through a
sensor network, a physical event of interest in an enerigierit manner [81]. The
advantages of clustering have also been exploited in tHmrefidecentralized de-
tection [82, 83], e.g., to determine optimum clustering 8#®%C configurations. In
particular, in [82] the authors provide a generic framewforkhe computation of the
probability of decision error when a spatially constan#jnphenomenon is detected
through a (possibly) multi-level sensor network.

One of the strongest motivation for the design of clusteseblavehicular net-
works is provided by [41], where the authors show that, atiogrto realistic mobil-
ity models, VANETSs naturally evolve to clustered configioas. Among the more
recent cluster-based protocol proposed in VANETS, sonezésting approaches can
be found in [60, 61]. In the latter work, communications asgically broadcast but,
when possible, short-lived clusters are created in ordeonstitute a backbone. It is
then possible to employ unicast communications among tdesof the backbone,
leading to a higher reliability without sacrificing netwgskrformance.

In [84], the authors derive an innovative broadcastingnape, which integrates
the probabilistic approach of a previously proposed pmtdédenoted as Irrespon-
sible Forwarding, IF) with a cluster-based structure, ideorto improve its perfor-
mance. This new protocol is referred to as Cluster-baseddonsible Forwarding
(CIF). The key characteristics of CIF is that a clusteredcstre is not imposed.
Rather, CIF opportunistically exploits the “ephemerallisters which appear in a
VANET. In this work, we present a slightly modified version GfF, denoted as
Cluster-Head Election IF (CHE-IF), well suited for effictatata dissemination with
cluster-head (CH) election.






Chapter 2

VANETs Simulative Tools

The best material model of a cat is another, or preferablystame, cat.

— Norbert Wiener

2.1 Introduction

According to the analysis carried out in Section 1.4, theestao different ways for
studying VANETSs by means of numerical simulations: (i) gsiwo distinct pieces of
software, one generating the mobility traces and the seperfdrming the effective
network simulation; (ii) using an integrat&dANET simulatomperforming both the
tasks at the same time and therefore providing a bidireatiooupling between the
network simulator and the mobility generator. The secoridtism is certainly the
most powerful and attracting, but it is really useful only festing complete applica-
tions and services, where the vehicles react consequenthetreception of signifi-
cant information. For instance, the path followed by theicles can be determined
by a shortest path algorithm periodically executed on theshaf the effectively re-
ceived information. In our case, we are not interested idystiy applications but
forwarding protocols, and for this reason we have selettedsimpler solution: us-
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ing a mobility generator for produce mobility traces anchgsihem in the network
simulator.

As a network simulator we have chosen Network Simulator 2{rg8], a dis-
crete event simulator developed by the VINT project redegroup at the University
of California at Berkeley [85]. Our choice was motivated heg following consider-
ations:

* ns-2 is one of the most widespread software among MANETK/EAS re-
searchers;

it natively implements the IEEE 802.11p protocol (sincesian 2.33);
« it can be easily integrated with several mobility generatuftware;
« itis an open-source software already used in our laborator

On the other hand, ns-2 has also several well-known shomgsn(i) it offers a
scarce support for VANETS, since it does not allow to defira vehicular scenario,
comprehensive of roads and obstacles; (ii) the source daue2is not well written
and its complex structure slows down the development psoaad facilitates the
insertion of unwanted bugs; (iii) the IEEE 802.11 implenatioh is not perfectly
compliant to the standard [86, 87], leading to the proltieraof patches not always
coherent with respect to each other. Our simulations wemdwded using the latest
release of the ns-2 simulator, namely the 2.34 [48].

For which concerns the mobility generators software, welsaected two open-
source software, namely, VanetMobiSim [45] and SUMO [44thtable to generate
mobility traces compatible with ns-2, and supporting flamteraction mobility mod-
els derived from car-following models.

VanetMobiSim [45] is an extension of the CANU Mobility Sinatilon Environ-
ment (CanuMobiSim) [88] which focuses on vehicular mogildnd features reali-
stic automotive motion models at both macroscopic and ret@pic levels. At the
macroscopic level, VanetMobiSim can import maps from &litalatabases, or ran-
domly generate them using tessellation. At the microsclawiel, it supports mobil-
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ity models derived from the Intelligent Driving Model (IDMa car-following model
originally introduced here [89].

SUMO [44] is an open source, highly portable, microscopadrtraffic simula-
tion package designed to handle large road networks. Its faatures include colli-
sion free vehicle movement, different vehicle types, gngthicle routing, multi-lane
streets with lane changing, junction-based right-of-walgs, hierarchy of junction
types,and dynamic routing [40].

In Section 2.2 we describe the mobility models implementedsUMO and
VanetMobiSim. In Section 2.3 we first present the problemhef statistical char-
acterization of the property wireless channel in VANET. e briefly analyze the
channel available in ns-2, motivating our choice of usingteninistic channel. In
Section 2.4 we discuss the accuracy and the shortcominge aft2 implementation
of the MAC layer of the IEEE 802.11 standard

2.2 Mobility Models

SUMO supports several car-following models including IDM], but the latter is not
correctly implemented in the release of the software usetignwork (the 0.12.1).
Specifically, the IDM model does not work together with thedachange decision al-
gorithm used by SUMO for manage the movements of the vehiddseen parallel
lanes running in the same direction. On the opposite hantet¥obiSim supports
several car-following models but all derived from IDM, théare the two software
do not have any common car-following model. For this reasoanetMobiSim we
employed the Intelligent Driving Model with Lane Changin®§/LC), a combina-
tion of IDM with the overtaking model known as MOBIL [90], whiin SUMO we
have used the default model. The latter was a slightly diffecar-following model
originally introduced by Krauss et. al in [91], and we indidt with the acronym
KWG deriving from the initial of the authorsThe IDM/LC model is described in
Subsection 2.2.1, while the KWG model is presented in Suiose2.2.2.

1The model is also known in literature Ksaussmodel.
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2.2.1 IDM/LC Model

The IDM model is defined as follows. Eacth vehicle { € {1,2,... N}) randomly
selects a fixed target speqtargete [VMin yma wherev™" andv™® are, respectively,
the minimum and maximum speeds. Once its target speed hassbéeted, the
vehicle tries to make its own spegdt) reach the target speed. The achievement of
this goal is impaired by the road topology and by the preseficther vehicles that
accelerate and decelerate. The speed evolution can beiealblycharacterized by
the following equation [92]:

4
dvi () vi (t) 5 \?
& =2 {1 (Wt) (&) ] &b

W (0) V() — Vi (0] 2.2
2V/ab
Equation (2.1) shows that the local acceleration dependa@contributions: (i) the
acceleration needed to reach the target sp{?&’ﬁtand (ii) the deceleration induced
by the preceding vehicle. The tedrdefined in (2.2) determines the desired dynamic
distance from the preceding vehicle. This term depends erfdliowing parame-
ters [92]: the safe time headwa¥); the maximum acceleration of movemeasj,(
and the comfortable deceleration of movemdmt (

Moreover, thanks to the integration of the MOBIL lane chagginodel [41], the
IDM-LC mobility model takes also into account possible dakings between vehi-
cles. In particular, according to a game-theoretic apgrecansidered by the MOBIL
model, a vehicle (say) moves to an adjacent lane if its advantage, in terms of accel
eration, is greater than the disadvantage of the precedihigle (sayj) in the new
lane. This condition can be expressed as

MO (B0 Y,

dt a ~ a  dt

where

d& A, +Vi(D)T +

hr

where the superscriptrefers to the speed values after the potential overtakepa@he
rameterP models the drivers’ politeness and the acceleration totdsly,, prevents
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lane hopping phenomena in borderline conditions. In ordg@révent collisions bet-
ween the back vehiclgand the overtaking vehiciethere is also the following safety
condition on the deceleration of vehicjebased on an arbitrary paramelggse

dvi_i(t)

dt > —bsafe

2.2.2 KWG Model

The KWG model takes five input variable8®, a, andb having the same meaning of
the homonymous parameter of IDM (maximum speed, maximurel@etion, com-
fortable deceleration) and two new parameter@limension: [s]), and € [0, 1] (adi-
mensional), denoting the driver’s reaction time and thedleg parameter [93]. Let
us consider théth vehicle, then, the KWG model can be built up by the follogyi
set of equations:

AX(t) —vipa ()T
T+ (Vi(t) +Vviya(t))/2b
VAt +At) = min[V™ vi(t) + aAt, vi(t + At)]
Vi(t+At) = max[0,V(t+At) - cantn],

V(t+AY) = visa()+

whereV? is the speed required to maintain a safety distance froredidihg vehicle,

v is its desired target speed, avids its actual speed. The random variaQlés uni-
formly distributed in the interval0, 1] thus introducing a stochastic behavior, whose
effect is scaled by the factarait.

2.3 Physical Channel Consideration

2.3.1 The Wireless Channel in VANETSs

The statistical characterization of the physical chanf®2)/ communications is a
complex task. According to [94], a general consensus on eifagpenodel has not
been yet attained, due to two main causes.
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First of all, it is difficult to define a common reference saemabecause of the
extreme variety of environments of interest for IVCs. Roeais run in a desert coun-
tryside, inside a tunnel, or in a urban canyon studded wiys@lapers. Furthermore,
because of its metallic nature, the density and the typerobsading vehicles have
a huge impact on the number of multi-path reflections expeed by the receiver.
Also the antenna radiation pattern is highly influenced syiacement with respect
to the vehicle (i.e., inside, on the roof). The impact of tifeecent reference models
on the Bit Error Rate (BER) and Frame Error Rate (FER) hava bealyzed in [95].

The second, but not less important, reason is the lack aétitatly meaningful
empirical models [94]. In [96] the authors have focused oingls and relatively
simple scenario, an expressway, and on a very simple meteicjelay spread. They
have then compared the results generated using severaliGahpiodels obtained
from independent measurement campaigns [97—100], shaw@tgeven in this easy
situation, this set of representative models providesodiEmt results.

From the point of view of the network layer, a physical wissdehannel behaves
as ON-OFF system, since the packet can be either succgssitdived or discarded.
Typically, a checksum is used to determine the receptidnstat the channel (e.g.,
the FCS in the IEEE 802.11 model). In network simulator, a mmm approach is
which of defining a hard threshold, the receiver sensitidignoted as R (dimen-
sion: [dB], according which, a packet is successfully resgi(with probability 1),
only and only if the received powé¥ (dimension: [W] is greater then the sensitiv-
ity. On the other hand, the packet is discarded with proltglilwhenP, < RXty.
Thanks to this assumption, in order to know if a packet isaxily received or not, it
is only necessary to derii@ and compare it to Ry.

Once fixed the transmit power, denotedRagdimension: [W]), the value of;
depends only on the inner characteristics of the wireleasimél, and the distance
between the transmitter and the receiver. There are twdyfavhphysical channel
model, deterministic and stochastic. With a determiniptith-loss model, such as
Friis and Two Ray Ground (TRG) models [101], once settingithesmit power and
the receiver sensitivity, it is possible to calculate ttensmission range, defined in
this work with the symbok (dimension: [m]). When the distance is grater then the
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transmission range, the packet is never received, corydtsie always correctly
detected for distance smaller than the transmission rabgehe opposite hand, in
stochastic models the instantaneous power is a randonbief01], and it is only
possible to derive thaveragereceived power. In this case we cannot defined a finite
transmission range, since it is not possible to a-priondigteif a packet will be
successfully decoded knowing the distance from the sottoaever, we will define
the transmission range with respect to the average recpwedr. Depending on the
characteristic of the channel, there are several typesohastic model, such as the
Shadowing, Rayleigh, Weibull, or Nakagami models [102]103

Because of the aforementioned lack of consensus, in reeant yhe researchers
have used many different path loss models, either detestitrir stochastic. A non
exhaustive list comprehend: Friis [54,104], TRG [16], Shwaithg [105], Rayleigh [106],
and Nakagami adopted in [65, 107], on the basis of empiricdsurements [108,
109]. Moreover, even if not yet used in practice, there aversé studies [110, 111]
showing that the path loss follows a Weibull distributiorl?]. In our work we
have considered both a deterministic (Friis, TRG) and stsiith (Nakagami) channel
models.

The Friis model is valid in quite unrealistic scenarios, hwiit any obstacles,
while the TRG can be used where the transmitter and receiveennas are near to
the ground. In particular, according to the Friis model, teeeived power can be
expressed as follows:

4md
whereG; and G, denote the antenna gain of, respectively, the transmitidrtie
receiver, whileA (dimension: [m]) is the wavelength corresponding to thedube
carrier frequency, denoted witlhy (dimension: [Hz]) (e.g.A = ¢/ f¢, wherec repre-
sents the speed of light).
The TRG model is defined by the following equations:

A (d) :Pteter( A )2,

AGG: () d<d
R(d) = (2.3)

RGG; (*};—2)2 d>d,
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whereh; andh, are the heights of the the transmitter and the receiver natamhile

d* is a threshold defined as
4T[hthr

T
It is trivial to observe that in the intervg0,d*] the Friis and the TRG models are
identical.

According to am-Nakagami distribution the signal amplitude is distrilalizs
follows [103]:

d* =

meXme 1

fx(x)_r(T)Qmexp<—n%2>, x>0,Q>0,m>0.5

wheremandQ are suitable parameters, in particulais the average received power.
The corresponding Probability Density Function (PDF) & taceived powek, it is
therefore given by a gamma distribution of the followingrfor

= () Feo( 2. 2o

In order to use the Nakagami model it is necessary to spdwfaverage received
power (). In [113], the authors defin@ (expressed in dB) as a piecewise constant
function ofd:

10y10g(d/Chref) 0<d<do
Q(d)[dB] = {  10yvlog(dy/drer) + 10y log(d/d) do<d<d
10y6log(d} /drer) + 10y1 log(dY /dY) + 10y log(d/d))  dY <d,
(2.4)

whered.es represents a reference distance that can be freely chosesefdes =

1 m), while y, y1, ¥, do, andd; have been set according to the empirical values
obtained by measurements on highway [113]. Obviously, lingeggamma= 2 for

i =0,1,2 in equation (2.4), we have the same attenuation of the fRoidel.

Also the parametem has a huge impact, since it determines the shape of the
PDF. For example, whem = 1 the Nakagami PDF coincides with a Rayleigh dis-
tribution, whenm < 1 the Nakagami distribution determines a severe fadingggvor
than Rayleigh), while witim > 1 we have a Ricean model, less sever than Rayleigh
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Table 2.1: Main parameters of Friis, TRG, and Nakagami pyapan models.
Parameterg Values

fe 5.9 GHz
Gt, Gr 1
ht, hy 2m

v, ¥,y | 1.9,3.8,3.8
dg, df 200, 500 m
Mo, M, My | 1.5, 0.75, 0.75
a, di 80, 200 m

(e.g., ifm— oo the Nakagami distribution reduces to deterministic model]113]
the authors definm as a piecewise constant functiondf

10%) d<dy
md)=4¢ m di'<d<d]
m  df"<d,

wheremg, my, My, dg', andd;” have been set according to the empirical values pre-
sented in [113].

2.3.2 Effects on the Performance of Physical Channel Char#eristics

We now analyze the performance obtained using the Friis, ,T&@ Nakagami
model in a typical VANETs environment, characterized byihgvf. = 5.9 GHz,

as established by the IEEE 802.11p specification, arfg byh, = 2 m, by consider-
ing the typical distance from the ground and an antenna nedwrn the roof of a car.
These parameters along with these used for the Nakagamil m@dsummarized in
Table 2.1.

In Figure 2.1 we show? (d) as a function of the distance, obtained with the Friis,

TRG, and Nakagami propagation models and using the parawfetable 2.1. The
transmit power is set to 100 mW (20 dBm), that is the maximuioerallowed in
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Figure 2.1: Received power obtained with the Friis, TRG, ldakagami propagation
models, using the parameters summarized in Table 2.1Rand 00 mW.

Europe in the 5.9 GHz frequency band. In Figure 2.1 it is alsmé the minimum
sensitivity mandated by the IEEE 802.11p standard (85 dB@I) [n Figure 2.1 we
observe that in the considered range ([0, 1200] m), the &nicsTRG models lead to
identical results. This can be motivated by observing teatgithe values of Table 2.1
d* ~ 990 m. For this reason, in the rest of the paper we will onlysgder the Friis
model. Putting the values in Table 2.1 in equation (2.4),Na&agami propagation
model leads to a significantly smaller transmission rangmelyz~ 420 m, then the
valuez= 700 m achieved with the deterministic models.

Therefore using the Nakagami model it is necessary to usgtehitransmit
power than in deterministic model, to have the same averagsmission range. For
instance, using the Friis model a transmission range500 m can be obtained by
settingR, = 16.7 dBm, while using the Nakagami propagation model the samétre
is obtained by setting = 21.5 dBm. However, in the case of Nakagami we talk of
average received power, but the real value experienced bgeaat a given distanak
from the destination, as shown by Figure 2.2, where it isasgmted the distribution
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Figure 2.2: Distribution ofP(d) at the distanced = 500 m, obtained with the
Nakagami propagation model, using the parameters sumadaitiz Table 2.1, and
R =215dBm.

of P(d) at the distancel = 500 m, obtained with the Nakagami propagation models
using the parameters summarized in Table 2.1,Rrd21.5 dBm. In Figure 2.2 we
observe that the mode of the PDF is in TXRX, but the are a sagmifi probability

of having larger or smaller received power thus yielding tdgh variability on the
effective communication range. Because of this large fatains, also the FER ex-
perienced by a node is not a step-wise function as in the ddke &riis model, but

it is a continuous function, as visible in Figure 2.3, whdris ishown the FER as a
function of the distance, obtained with the Friis and Nakaigaropagation model,
after having setting the respectitfeat a value that leads to a transmission range of
respectively, 200 m and 500 m.
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Figure 2.3: FER obtained with the Friis, and Nakagami pragiag models, using the
parameters summarized in Table 2.1. In both cases, we ingpp@86 m and 500 m,
settingPR, accordingly.

2.4 |EEE 802.11 Implementation in ns-2

The last release of ns-2 (ns-2.34) contains two implemientabf the IEEE standard,
the default IEEE 802.11b module and a new IEEE 802.11p mouddieh differ in
several aspects.

The default IEEE 802.11b module of ns-2 is not well coded actl of bugs.
In particular, in [87], the authors have found several issmet entirely fixed in the
subsequent releases. In the current version there amvstithain problems, both de-
scribed in [87]. The first is an incorrect management of tHeSHhter-frame after a
collision, that leads to slightly better performance ingested networks. The second
problem is related to the standard interpretation. As éxethin Section 1.2.2, ac-
cording to the IEEE 802.11 specifications a node should rtet @ampre-backoff state
if the channel is idle and it is sending the first frame of a barsan isolated frame.
The default IEEE 802.11b module of ns-2 acts differentlypamticular, the sender
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always perform the pre-backoff wait even in sending an tsdipacket and the chan-
nel is idle. This waste of time leads to slightly worse pearfance in not-congested
scenario, but it does not affect the saturated scenariosh®ather hand, it is ben-
eficial in broadcast communications, since it avoids doliis in the first frames of

the communication. We also note that this approximation alss widely adopted in

many theoretical studies [114].

The IEEE 802.11p module has been designed from the scratch &sna com-
pletely revised architecture for the PHY and MAC modules3[1More precisely, the
MAC layers models the basic DCF IEEE 802.11p mechanism, thbwt supporting
the EDCA mechanism foresees by the IEEE 802.11p amendmketefbre. using
the IEEE 802.11p module is not possible to simulate the rohlinnels features of
the IEEE 802.11p/WAVE stack protocol. We observe that is tiniplementation, the
authors have correctly interpreted the standard, and hanoede does non enter in
the pre-backoff when sending the first frame of a burst. Hendvom the point of
view of broadcast communications, the new implementatichewMAC behaves as
the default IEEE 802.11 module. In fact, the reception ofaante is followed by a
DIFS period, during which the receiver sees a busy chanmhel€fore, in the case of
a broadcast multihop protocol, all the retransmissionshieyforwarder node sees a
busy channel, and hence the always experiences a pre-bagkobbserve that this
happen as long the delay introduced by the higher layersadlesnthan DIFS.

The PHY component of IEEE 802.11p module introduces a moraradd man-
agement of the interference, and of the phenomenon of tHeepaapturing. In par-
ticular, the PHY modules continuously tracks the cumuéatieceived power com-
prehensive of both noise and signal(s), thus computing tgeaBto Interference
plus Noise Ratio (SINR) for every packet. A packet can be es&ftlly decode if
its SINR remains over a suitable threshold, associatedetaglkd modulation format
(i.e., 5 dB for the BPSK modulation), for all the packet dimat Differently from
the standard module, the PHY module ignores the conceptcefviag threshold,
without assessing if the cumulative received power is oerdarrier sense thresh-
old, which is used to determine the status of the channek ditothe IEEE 802.11b
module. We by-pass the problem by imposing that the camiesesthreshold value is
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identical to the sum of the modulation threshold (i.e., 5 dBtfie BPSK modulation)
and the noise power.

Now it is interesting to assess the impact of these diffelfeRE 802.11 imple-
mentation on the performance of the most traditional mafilbbroadcast protocol,
the naive flooding protocol. We utilize the same referen@nario that will be de-
scribed in Section 3.2, witps = 0.04 veh/m, andz= 500 m (e.g., on average, there
are on 20 nodes in the forward transmission range of a nodeje#rence metric
we consider the number of transmissions and the REaclyafiiE), defined as the
ratio between the number of nodes that have received thepaeket, with respect
to the number of nodes in the netwatkThere is a single source sending packet of
300 bytes, generated according to a Poisson distributigrai@meteid (dimension:
[pck/s]). We have considered 4 different MAC module, alhswmitting with a data
rate of 3 Mbit/s:

* the legacy ns-2.34 implementation, indicated as 802.11b;

* the ns-2.34 implementation patched according to [87]otlh as “802.11b
[87], wo BO?”, since in this case there is no backoff if the amalris free;

« the ns-2.34 implementation patched according to [87Th Wik insertion of the
pre-backoff as in the original implementation, and thusated as “802.11b
[87], w BO”; it is important to note that this is the versiorfeadtively used in
our work;

« the IEEE 802.11p module present in the ns-2.34 releasieaied as 802.11p.
This implementation has slightly different values of siote¢ duration, SIFS
and DIFS duration, but we set the save valuesG\A 31 as in the IEEE 802.11b
standard.

In all cases the data rate of is equal to 3 Mbit/s and AW 31.

In Figure 2.4 are depicted the RE and the number of transmnissas a function
of the hop index, obtained considering a fixed packet siz€0t®tes, and two values
of A, respectively, 1 pck/s and 385 pck/s. Figure 2.4 offers teexeral precious

2The RE which will be more precisely defined in Section 3.2
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Figure 2.4: RE (a), and (b) number of transmissions, as aiumof the hop index

i, obtained using the flooding protocol coupled with severgllementations of the
IEEE 802.11 standard. Results are obtained by setpgry= 20 veh, a packet size
of 300 bytes, a data rate of 3 Mbit/s, and two valueg pfespectively, 1 pck/s and

385 pck/s.
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insights:

« WhenA =1 pck/s, the traffic load is scarce (2.4 Kbit/s) with respecthe
data rate, hence, the EIFS is never used, the interferediceitisd, while the
pre-backoff has a certain importance. In fact, becauseefatk of the pre-
backoff the “802.11b [87], wo BO” is the unique module notiaging RE=1.
We also observe that while the IEEE 802.11p module offers Ribat in a
larger number of hops than the 802.11b modules.

* WhenA = 285s pck/s, the traffic load is 685 Kbit/s, approximately the 2586 o
the available data rate, thus representing a saturatiaitemm In this case, the
EIFS is therefore frequently employed, the interferendgigh, while the pre-
backoff has no importance. The flawed EIFS management ottieey IEEE
802.11b guarantees a slightly advantage with respect tpatahed releases.
At the same time, we observe that the improved interferenaeagement of
the IEEE 802.11p module, yields to a huge performance bbo#ct, in this
case the packets are correctly received by a number of n@désh&jher than
in the IEEE 802.11b implementations.

< By observing Figure 2.4 it emerges clearly that the IEEE 8D2 could obtain
a much higher RE, thanks to a more homogeneous distribufitihre dransmis-
sions across the hops. More precisely, it seems that the Pétila limits the
number of transmissions and thus the number of collisiopsethucing the ef-
fective transmission range of a node. This can also motitatéarger number
of hops.

From this analysis it is emerged that the IEEE 802.11b madaffer comparable
performance in both low and high traffic load conditions. @& tontrary, the IEEE
802.11p has a radically different behavior, especiallyigl lraffic load, where it is
good antidote for the broadcast storm problem, limitingribed of refined multihop
broadcast schemes. Finally, it is important to point out theour simulations we
have used the so-called “802.11b [87], wo BO” implementatio



Chapter 3

The Irresponsible Forwarding
Broadcast Protocol

3.1 Introduction

As shown in Section 1.5, in literature there are many muttibmadcast protocols,
with good characteristics and quasi-optimal performahtmyvever, in our opinion,
the existing protocols are still not satisfactory, and wed fieis possible to obtain bet-
ter results. First of all, most the proposed protocols angigaal, in the sense they are
not supported by a theoretical background proving theiciefficy. One remarkable
exception is constituted by the SB protocol, whose desigieitved from an analy-
tical latency optimization [74]. Furthermore, with the eption of the EMDV [65],
that has been designed targeting physical channels affégtdading, all the pro-
posed approaches ignores the underlying nature of the VANpTysical channel,
that has been proved to be affected by severe fading, as sino@ection 2.3. For
instance, we are doubtful about the effectiveness in a u&rienvironments, where
the nodes experience severe and uncorrelated fading, @irdhecols based on the
black-burst technique, such as UMB [22] and BPAB [75]. Anitiddal problem is
constituted by the scarce reliability of the simulativelsocommonly employed for
analyzing the protocol performance, as shown in Sectioneen different releases
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of the same simulator can lead to very different performambés problem is rarely
taken into account, with the remarkable exception of EMDY][6

For these reasons, in this chapter we propose a probablistied multihop
broadcast scheme, denoted as Irresponsible Forwardipgi@signated with the goal
of guaranteeing both the minimum latency and the minimunmebboccupancy. The
IF protocol does not introduce overhead, is extremely snapid it only requires the
presence of a GPS receiver in the vehicle. Furthermores ishawn to to successfully
operating also in channel affected by fading. The remainfi¢his chapter is orga-
nized as follows. In Section 3.2, we describe the refereneaaio. In Section 3.2
we accurately describe the IF protocol, while in Sectionv@dpresent an analytical
framework that offers some insights about the behavior offie performance of
the IF protocol in realistic IEEE 802.11b multi-hop lineaatworks is investigated
in Section 3.5. It is important to underline that the simivatresults shown in this
chapter have been obtained using the IEEE 802.11b moduleeafd-2 simulator.
As emerged in Section 2.4, by using the IEEE 802.11p modulevaxdd proba-
bly obtain different performance, especially in satumatamnditions. However, we
can anticipate that simulation results obtained with thEBEEB02.11p standard are
present in Chapter 6. Finally, conclusions are drawn iniGe&.6.

3.2 The Reference Scenario

Figure 3.1 shows the linear network topology of reference.cdhsider a static one-
dimensional wireless network witk (receiving) nodes. Each node is uniquely iden-
tified by the indiceg € {1,2,...,N}. The assumption of static nodes is not restricting
and, in Chapter 5, we will provide more details on the appiidst of the obtained
results to mobile networks. The source node, denoted asasiplaced at the west
end of the network, therefore there is a single propagati@tiibn (eastbound). The
following preliminary assumptions are introduced to dersimple, yet significant,
insights. The inter-vehicle spacing is distributed acoaydo an exponential distribu-
tion with mean ¥ ps, whereps is the vehicle spatial density (dimension: [veh/m]). In
other words, the nodes’ positions are generated accordiaghe-dimensional Pois-
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Figure 3.1: A typical linear network topology of a VANET.

son distribution with parametgs—the validity of this assumption is confirmed by
empirical traffic data [115]. Each vehicle has a fixed trassion range, denoted as
(dimension: [m])—the transmission range depends, obiypas the transmit power
P, (dimension: [W]). The model presented in this chapter asetan the assump-
tion of a Friis propagation model, leading to a deterministie-to-one relationship
between the transmission range and the transmit powetuasalted in Section 2.3.
Each vehicle is equipped with a Global Positioning SystefA%{receiver. As a re-
sult, each vehicle knows its own position at any given tintee metwork size (the line
length) is set td. (dimension: [m]). For generality, we denoteragmalized network
sizethe positive real numbétom= L/z and we observe th@tz (dimension: [veh])
represents the average number of vehicles within a trasgmisange.

Each topology realization, consistent with the previousiagptions, is obtained
by iteratively generating the positions of consecutive @sofith exponentially di-
stributed distance between a pair of consecutive nodeg)g&heration process stops
as soon aslyn+1 > L, wheredg .1 is the (positive) distance between the source
node and thé + 1-th node. Therefore\ is the random variable denoting the index
of the last generated node. In genedal denotes the distance between the two nodes
jandk (j,k € {1,...,N}). In order to guarantee the significance of every scenario,
we impose that the 1-st node has to lie in the intefQat], i.e., dp1 < z so that
N > 1. Apparently, these requirements break the Poissoniafityodes’ position
process. However, conditionally al 1, the remaining nodes in the sg2,... N}
are still distributed according to a Poisson point procdgsacameterps. Consider-
ing that E[do1] ~ 1/ps, it is accurate to assume that the number of nodes, denoted as

1Given thatdp 1 < z it follows thatdp 1 has the truncated exponential probability density fumctio
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N’ £ N — 1, in the network regioifdg 1, L] (i.€., after the first node) has a Poisson dis-
tribution with parameteps(L — 1/ps) = psL — 1. On the basis of the previous assump-
tions, we want to preliminary investigate the network cativéy (which does not
depend on the chosen broadcasting protocol). To this enihtregluce the concept
of last reachable nodé&dentified by the indexyeacr). Given that there ar nodes in
the network, for every pair of consecutive nodes, gy +1), j € [1,2,...,N—1],
since the distribution ofl; j11 is well approximated by an exponential distribution
with parameterps, there is (approximately) a probabiliy * thatd; ;.1 > z. We
denote ag* the minimum node index such that j- .1 > z. Clearly, if j* exists, than
the (j* + 1)-th node is unreachable from any node j*+ 1. Therefore, the network
is said topologically disconnected angach= j*. Conversely, ifj* does not exist,
then the network is topologically connected amgicn= N. Obviously, the average
value of the ratiayeacry/N is @ meaningful metric to evaluate the connectivity level of
the network.

In Figure 3.2,E [nreacyN] is shown as a function of the produptz, consid-
ering both simulation and analytical results. More prdgjsihe simulation results
are obtained by averaging, for each valuepgf, the values of the ratioyeacy/N
obtained over 1000 network topologies generated accotdittge previous assump-
tions? Recalling thatN’ = N — 1 is approximately PoissgpsL — 1), the average
valueE [neacr/N] can be analytically approximated as follows:

Nreach > Nreach [y - ;o
E = E N =j|P{N =
[1+N’} ,Zo [1+N’| ’] {N'=1}

(psL _ 1)] e_(PsL—l)
j! ’

> 1 .
™~ J;mE [nreach‘N/ = J] (3.1)

Given thatN’ = j, nreachCan assume values between 1 (if only the first node is con-

fap,(T) = %[u (1) —U(1 —2)], whereU (-) is the unit step function. It can be shown thztly 1] =
1/ps—ze P?/(1— e P?) is well approximated by Aps, i.e., by the average value of a (non-truncated)
exponential distribution.

2Note that the assumption thdgy < z i.e.,N > 1, makes the chosen metric meaningful.
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Figure 3.2: The average ratin;eacy/N] as a function opsz.

nected) and + 1 (if all nodes are connected). More precisely

;o (1-P)'P 1<(<j-1
P{Nreach=¢|N" = j} ~ : .
{Mreach=¢|N" = j} {(l—PD)J =

wherePy = e P is the probability that two consecutive nodes are discaeded.e.,
that the distance between them is longer tharherefore,

j—1

E [Mreach|N' = j] =~ /z ((1—Po)'Po+j(1—Pp)] (3.2)

=1

and, inserting (3.2) into (3.1), the desired average vahrelse approximated. As
one can see from the results in Figure 3.2, the proposedtaalgpproximation is
very accurate. It can be observed thigheacy/N] is an increasing function gbsz
that approaches 1 fgisz > 12 veh. In other words, fopsz > 12 veh the network is
completely connected. This preliminary network connéggtianalysis will allow to
better characterize all performance results, relativéi¢df protocol, which will be
presented in Section 3.3.
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3.3 The IF Protocol

In a self-organizing traffic information system, vehiclésue and distribute the traf-
fic information by rebroadcasting a received informatioked to their neighbors.
Reducing the number of redundant packets, while still enguyood coverage and
reachability, is one of the main objectives in multi-hopdmtoasting. In this chapter,
we propose a new probabilistic-based broadcasting schemmauiti-hop linear net-
works (e.g., highway vehicular networks), denoted as pwasible Forwarding (IF),
where each vehicle rebroadcasts a received data packes badfs of (i) its distance
from the source and (ii) the spatial density of its neighb®te key idea is that a node
implicitly evaluates the probability that there is anothede, in its proximity, which
can rebroadcast. If this probability is sufficiently highen the former node “irre-
sponsibly” chooses not to rebroadcast. Unlike other exgstirobability assignment
schemes, IF takes into account the statistical distributicthe vehicles on the road.
Moreover, for sufficiently large values of the node spatesity the average number
of rebroadcast packets can be regulated by properly tunanggée parameter.

Let us consider a vehicle, at a generic distathé®m the source node (positioned
at the origin of the horizontal axis), within the transmigsrange of the source. In
Figure 3.1,N, denotes the number of nodes within the transmission rangheof
source, i.e.d € {di,dy,...,d;}. According to the idea of the IF protocol, the vehicle
should rebroadcast the packet only if the probability ofifigdanother vehicle in the
consecutive interval of length— d is low; otherwise, it should not. More specifically,
when a vehicle receives a packet, it compares its posititim tivat of the transmitter
and computes its rebroadcast probability as follows:

p = eXD{—@} (3.3)

wherec > 1 is a tunable parameter which can be selected to “shape’rtialpility
of rebroadcasting (as a functiona)f—the higher the value af, the higher the proba-
bility of rebroadcasting at any positi@h—andpy is thelocal vehicle spatial density,
evaluated by each vehicle, independently from the otheickest) at timet. The local
spatial densityy (t) can be significantly different from the average vehicularsity.
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Figure 3.3: Rebroadcast probability, as a function of tretagice, withz = 200 m,
ce {1,3}, andps € {0.01,0.05} veh/m.

In static scenario as the ones considered in this chaptetinie-dependence has no
effect and therefor@y (t) = pY. We remark that the IF protocol acts on a per-packet
basis and does not keep memory of past forwarding decisions.

According to the considerations expressed in Section hi§,approach can be
also interpreted by means the minimum connected set thé&arysP], according
with, ideally one always want to select the node with the mmaxn extended cov-
erage. In a one-dimensional scenario this coincides widtgeg the furthest node
from the transmitter, thus motivating the retransmissioobpbility expression of
eqguation (3.3).

In Figure 3.3, the rebroadcast probability is shown, as atfan of the distance
between the receiver and the transmitter, for various gabfec and psz. This fi-
gure can be interpreted as follows. Whens small, the value op is also small
because the receiving vehicle is very close to the transratid, therefore, it should
let the other node take the responsibility of rebroadcgstiihend becomes larger,
the value ofp becomes larger and approaches 1 when the node is at the edge of
the transmission range. Note that with the probability gresient in (3.3), the node
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spatial density is also taken into account. When the netwsodparse, the overall
rebroadcast probability should be high (e.g., even if tloeikéng node is relatively
close to the transmitter) in order to ensure complete rdalityaAs observed in Fi-
gure 3.3, wherpsz decreases from 0.05 veh/m to 0.01 veh/m, the overall forwgrd
probability also increases. In addition, the coefficiens also effective at shaping
the rebroadcast probability, as the overall rebroadcadtgtility can be increased by
increasing the value af

3.4 Performance Analysis of IF in Ideal Networks

In this section, we investigate the performance of the Ikqmal in “ideal” (collision
free) networks. As a meaningful performance metric, we iciemshe average number
of redundant packets, rebroadcast by the nodes in the fetwoon transmission of
a single packet by the source. This metric is illustrativeéhef energy consumption
incurred by the network in broadcasting a single infornmapacket generated by the
source. Obviously, the average number of rebroadcast fsasteuld be kept as small
as possible, yet guaranteeing complete network reactyafjitie broadcast process,
upon transmission of a data packet from the source (placén atrigin of the axis),
evolves according to the following consecutive rebroadacamds:

* in the first round, some of the nodes (i6,z) will rebroadcast the received
packet;

« in the second round, some of the nodes receiving the rebasagackets, will
rebroadcast them on their own;

« the process continues in the following rounds until no niodeards the packet
further.

Consider the first rebroadcast round. The average numbedahdant packets
coincides with the average number of vehicles that rebrstdhe packet transmitted

30Obviously, we are implicitly assuming that once a node hesived a packet, regardless of the fact
that it rebroadcasts the packet or not, it will rebroadcasnore copies of the same packet.
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by the source. Suppose that we indicate the vehicle®,ip from 1 to N, in an
increasing order of distance from the origin, as shown irufgg3.1. According to
the considered Poisson point distribution, it is immediateonclude thatN, has
a Poisson distribution with parametggz. LetV;, i € {1,...,N;}, be the following
Bernoulli random variable:

Vi— 1 if vehiclei rebroadcasts
"7 ] 0 otherwise

Let My be the random variable denoting the number of vehicles tHabadcast in
the first round. The average number of vehiclefirz) which rebroadcast the packet
can then be written as:

N,
B = 3 . (3.4)

In the Section A of the Appendix, it is shown that (3.4) can kpressed, assuming
that ps is known, as follows:

o (e P _n (p) et
anl n! zizl > il

1
1-epyh Bl
ifc=1
EM] = . (3.5)

ps2)" e Ps? i ez
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ey b

ifc>1

wherep. £ ps(1—1/c). The final expression (3.5) f@[M;] can be evaluated numer-
ically. In particular, this expression is a functionadindpsz. As will be shown at the
end of this section and the next, by properly selecting ttaevaf c it is possible to
asymptotically (for large values @f2) “tune” the number of rebroadcasts.cfs 1,

it can be shown that (see Section A of the Appendix)

E[My] ~ psze % . (3.6)
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Computing the average number of packets transmitted ingtensl rebroadcast
round is much more complicated, since it dependsonlyon the average number
of vehicles which rebroadcast in the first routhdf alsoon their specific positions.
Moreover, there might be a vehicle outsi@&z) which receives two rebroadcast
copies by two different vehicles if0,z). In general, denoting bil; the number of
vehicles which rebroadcast at tlieh rebroadcasting round, with=2,3,..., eva-
luatingE[M;] analytically is a challenging and open problem. Howeves, jfossible
to analyze the redundancy rate by resorting to simple siioak, as discussed in the
remainder of this subsection.

We have implemented a Matlab-based simulator for evalgdkia average num-
ber of packets collectively rebroadcast by vehicles in #tevork. In each simulation
trial, vehicles are placed on a straight line of lengjth- 10 km according to a Pois-
son point process with densify. In all simulation scenarios, we consider a fixed
transmission range af= 100 m. The first vehicle is designated as the source and
transmits one information packet. The initial transmigsid a new packet from the
source is denoted as the 0-th hop transmission, while theesdiself identifies the
so-called O-tiransmission domairAfter the source transmission, the packet is then
received by a subset of the source’s neighbors, that areatemtial rebroadcasting
nodes for the 1-st hop. Hence, their union constitutes thiettansmission domain.

Each vehicle in the 1-st transmission domain decides todudthe packet with
a probability given in (3.3), where the value @f corresponds exactly to the density
of the Poisson point process (assumed to be known by all hodes

It is possible that more than one vehicle, in the first rebcaatiround, decide to
rebroadcast the packet. As a result, a vehicle in the seaimdadcast round may
receive more than one copy of the information packet. In ¢hise, a vehicle will
make the rebroadcast decision upon the reception of thedipst of the packet only
and other copies of the packet will be ignored. This rebraatiieg process continues
until either the packet dies (i.e., no vehicle rebroadctstspacket further) or the
packet reaches the last vehicle in the network. The numbeadiets transmitted in
each rebroadcast round is recorded and collected at thefehd simulation trial.
The simulation is repeated for 100,000 trials and #fveragenumber of packets
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Figure 3.4: Average number of packets rebroadcast in theréibsoadcast round as
a function ofpsz. Various values ot = 1,3,5,10 are considered. Analytical (lines)
and simulation (symbols) results are compared.

collectively rebroadcasted in each round is computed.

First, we validate the analytical results, relative to tistforoadcast round, with
simulations. In particular, we compare the average numbeehroadcasts, given
by (3.5), with the simulation-based estimated vlue.Figure 3.4E[M,] is shown,
as a function opsz, considering various values ofandi = 1. It can be observed that
analytical and simulation results are in perfect agreemenis verifies the validity
of the analytical expressions in (3.5) for computing therage number of packets
rebroadcast by the vehicles in the first round. Moreovemftioe results in Figure 3.4,
one can also conclude that:

lim E[M;]=c. (3.7)

PsZ—

In other words, when the average number of vehicles, withimmsmission range,
becomes sufficiently large, the average number of vehichéshwebroadcast is equal

4Equation (3.5) indicates tha@[M;] is a function of the produgbsz and of the shaping parameter
¢ however, with the aim of simplifying the notation, we omitsttexplicit relationship throughout the
whole text.
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Figure 3.5: Average numbers of rebroadcast packets in thie $iecond, fifth, and
tenth rebroadcast roundg @s functions ofpsz. The value ofc is set to 1 (bottom
curves) and 5 (upper curves). All results are simulatioseda

to the parameter, which can bea priori set by the network designer. An analytical
proof of (3.7) is an open problem.

Next, we investigate the characteristics of the averagebeusof rebroadcasts in
the next rebroadcast rounds. In Figure 3.5, the average ensnolb packets rebroad-
cast in the first, second, fifth, and tenth rounds are showaragibns of the product
psZz. The shaping parameterassumes two different values: 1 and 5. Regardless of
the value of, it can be observed that the average number of rebroadocisttpale-
creases as the packet gets farther away from the sourcdeyatec, for increasing
value ofi. This is intuitively expected, due to the probabilistic #deasting nature of
IF. In the case witlt = 1, the average number of rebroadcasts is smaller than one for
i > 1. This implies that the packet will rarely get forwarded ¢eg the first round.
Moreover, this indicates that the rebroadcast probabiiityis scenario (witltt = 1)
is too small. On the opposite, with a higher value of the sigpbefficient ¢ = 5),
the average number of rebroadcast packets at the 10-traddarst round is still much
larger than 1. This implies that the source information padias a high chance to
make more than 10 hops. In practice, one can choose a sutfidenge value ot in
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order for the packet to make a desired number of hops.

From Figure 3.5, one can conclude that when the proguts large enough,
at any rebroadcast round the corresponding average nurhbelbroadcast packets
converges to a fixed value—as already observed in FigureBtid first rebroadcast
round. This is a desirable characteristic, which is unigueur forwarding scheme. In
other words, the IF scheme can, through proper selectiomeofdlue of the shaping
parameterc, limit the number of redundant forwarded packets even ifrtavork
becomes very dense. The behavior of IF is in sharp contrakt thvat of simpler
forwarding techniques, such as flooding, which become cetelyl inefficient for
high node spatial density. This will be discussed in moraitlet Section 3.5 with a
consideration on realistic IEEE 802.11 networks.

3.5 IFinIEEE 802.11b Networks

While in Section 3.4 we have considered an ideal scenarith@ui interference,
collisions, and channel access delay), we now investigaeperformance of the
IF protocol when embedded in a realistic wireless commuioisgprotocol stack,
namely that of arad-hoclEEE 802.11 network. The performance will be analyzed
through simulations, which will be properly described lvefpresenting the obtained
results. We remark that while the traffic load is ineffectimehe ideal configuration
considered in the previous section, in an IEEE 802.11 nétaoenario it will have a
relevant impact.

3.5.1 Performance Metrics

We consider two classes of performance metnms-hop relative to the behavior
shown in a single transmission domain; ajiobal, for a more general characteriza-
tion of the network-wide performance and independent ofsphecific transmission
domain. For all considered metrics we only evaluate the dirder statistics (i.e., the
average values), with the exception of the delay. For alpgrdormance metrics de-
fined in this subsection, we omit the explicit dependencefzand from the product

PsZ.
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The following two per-hop performance metrics are congdefi) the average
number of retransmissions at th¢h rebroadcast round, introduced in Section 3.4
and denoted aB[M;], and (ii) the average domain size at iHeop, denoted aBS.
The domain sizeDS(i, j) is defined as the number of nodes contained iniitie
transmission domain of thgth packet. The average domain s2§ can then be
obtained from the arithmetic average of the domain s{2S(i, j)} as follows

Np

=Y DS ).

DS £
ND =1

The average number of rebroadcasts per-hop and the avevagerdsize are related
metrics and shed light on the ability of the IF protocol td-seistain.

The performance of IF broadcasting schemes is analyzeddeoimgy various
performance metrics, including: (i) the end-to-end del@y ( (ii) the reachability
(RE), and (iii) the transmission efficiency (TE). The firsttnieis the duration of the
packet trip between the source and the last reachable®ode.

The RE, originally introduced in [56], is the fraction of rexlthat receive the
source packet among the set of all reachable nodes. Iatiyitithe RE is inversely
proportional to the normalized distance between the soancethe last reachable
node, given bydyy,..../Z < {norm- Since the RE is limited to the connected portion
of the network, less connected networks (Wil,..../Z < ¢norm) generally have a
higher RE than highly connected networks (Wath,..../Z~ ¢norm)-

The TE is a novel metric, introduced here for the first timer&lprecisely, for a
given packet, we define the TE as the ratio between its RE anovigrall number of
rebroadcasts that is experienced during its transmissitiretlast reachable node. For
instance, given a network witheacn= 100, a packet that reaches 80 nodes, through
an overall number of retransmissions equal to 20, corredgptima value of RE equal
to 80/100= 0.8 and a value of TE equal to& 20= 0.04. Obviously, one would like
to have the highest possible value of TE. Generally, a hifirevaf TE indicates that
a broadcasting protocol can minimize the latency whilé Isélng able to guarantee
the high value of RE. In fact, the TE is an indicator of the iapibf the protocol to

5We remark that only the packets received correctly ahthgnare considered for evaluation bt
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select the “optimal” forwarding node.

3.5.2 Simulation Setup

In each simulation triallnom is set to be 8. In each topology the source generated a
finite number (burst) oN, = 1000 packets according to a Poisson process with para-
meterA (dimension: [pck/s])® Each packet a fixed small size PSLOO bytes, since
alert messages typically carries a small amount of infaonafThe data rate is set
to 1 Mbit/s. Two values of are considered. The first,= 0.1 pck/s, leads to a very
small traffic load of only 8 Kbits/s, while the second valug,= 100 pck/s deter-
mines a high traffic load of 80 Kbits/s, roughly one tenth & theoretical available
data-rate of 1 Mbit/s. Two values of the parameatenamely 1 and 5, are chosen as
representative of mild and aggressive rebroadcastingips]irespectively. The re-
sults are obtained for a fixed node spatial density: 0.01 veh/m, while the possible
values of the transmission rangare listed in Table 3.1. In particular, the values of
z are selected so that the corresponding valugsoére between 1 veh and 20 veh.
This choice is motivated by the results of Figure 3.4 and k&5, which clearly
show that, for values gbsz larger than 20 veh, the behavior of IF remains the same
(in fact, the network is fully connected as shown in Figure®).3n order to have a
more realistic simulation setup, we assume that every neds, @s the value f@y

in the probability assignment function (3.3), liical node spatial density, denoted as
pl, computed as the ratio between the number of single-hofhbeig and 2 Howe-

ver, as we will see in Subsection 3.5.4, the assumption @il loode spatial density
estimation has a negligible impact on the IF protocol penfmce, with respect to a
scenario where all nodes use the same overall average padifi¢he nodes’ Poisson
distribution.

The IF protocol is “inserted” on top of the IEEE 802.11b moidehs-2.34 [48],
described in Section 2.4, and adopting the Friis free-spaggagation model intro-
duced in Section 2.3. The relevant parameters of the IEEEL&B2hetwork and of
the IF protocol are listed in Table 3.1. Finally, in order vl a performance bench-

6All the results presented are accurate withi% of the values shown with 95% confidence.
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Table 3.1: Main IEEE 802.11b network simulation paramefer$F.

c {1,5}
A {0.1,100} pck/s
Ps 0.01 veh/m
z {100,300 500, 750,100Q 150Q 2000, m
Lhorm 8
Packet Size 100 bytes
Carrier Freq. 2.4 GHz
Data rate 1 Mbps
CWhin 31

mark, we have also carried out simulations of the naive floggirotocol (denoted
as “flood” in the following figures), whose forwarding polity trivial: every node
rebroadcasts any fresh packet with probability equal toel, @lways).

3.5.3 Performance Analysis

We investigate the behavior of the IF protocol analyzingtihe per-hop metric®S
and E[M;]. The average domain size is evaluated, as a function of theruexi,

in Figure 3.6, usingpsz = 20 veh (as shown in Figure 3.3 this guarantees full net-
work connectivity with a high probability). From the resulh Figure 3.6, one can
observe that if the packet interference is limited—thisgeays if the traffic load is
low (A=0.1 pck/s) or the rebroadcast policy is non-aggressive: (()—the initial
value of DS (e.g.,DS) is equal topsz, which is the average number of nodes in the
region (0,2) (see Section A of the Appendix). This means that all the nedtgsn

the transmission range of the source correctly receive dlokgts. Conversely, when
there is a significant level of interferendeS, is much smaller thampsz, since the
packet loss naturally leads to a reduction of the numberagiveng nodes. From the
results in Figure 3.6, it can be concluded tBeg < DS, for all values of i. After
the 9-th hopD§S tends to zero, regardless of the broadcast scheme, sinoetathrk
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Hop Index i

Figure 3.6: Average per-hop domain size as a function of teihdex, forps, =
20 veh. Various values af(1 and 5) andh (100 pck/s and @ pck/s) are considered.

nodes have been covered (being completely connected).

One can observe that the domain size remains practicalstaoinfor both flood-
ing and IF withc = 5 (regardless of the value &). At the opposite, for the IF
protocol withc = 1, it quickly drops to zero (regardless of the valué dfor increas-
ing values ofi. In other words, whemr = 1 the IF protocol is not able to facilitate
the propagation of the packets in a large network, even ipithgence of a high node
spatial density. Conversely, a valueoof 5 is sufficiently high to keep the forwarding
process alive. Indirectly, from the scenario with- 5 one can conclude that the self-
interference introduced by the IF protocol is not criticl]east with the considered
traffic loads, since the domain sizes experience an appatglyjnconstant decrease.
In fact, if this were not the case, there would have been asgguddop in the domain
sizes. Finally, we observe that a high traffic load{ 100 pck/s) does not change the
general behavior of the protocol, but for a strong reductibDS; .

In Figure 3.5.3E[M;] is shown at the firsti (= 1) and fourth (= 4) transmission
domains as a function of the produygaiz, with A = 0.1 pck/s. The IF protocol is
used with two different settings of the shaping coefficierfii and 5). The results
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Figure 3.7: Average number of rebroadcast packets, as didaonof psz. Various
values ofc andi are considered. The performance with the flooding protoéaiso
shown.

in Figure 3.5.3 are obtained with the same conditions of feidl5.3, but for the
value of A which is instead fixed to 100 pck/s (high traffic region). Irttbéigures,
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the performance of flooding is also shown for comparisonnftioe results shown
in Figure 3.7, the IF protocol shows two clearly distingaikle trends, regardless of
the values of, ¢, andA: (i) Vi, E[M;] is a decreasing function of the hop index; (ii)
Vi, E[M;] is an increasing function gdsz and converges to a saturation value which
depends on the shaping parametdt is straightforward to verify that these general
trends are coherent with those emerged by the analysisrpextbin Section 3.5 for
ideal networks.

By comparing the performance of flooding with that of the IBtpcol, it is pos-
sible to observe the consistent gain, in terms of numberlobealcasts, guaranteed
by the IF protocol in all considered scenarios. MoreovemfiFigure 3.7, a signifi-
cant difference between the two protocols emerges. Inqudeti with the IF protocol,
E[M;] saturates when the prodyzzis high. In addition, the saturation value depends
on the value o€ but not on the value af In contrast, with the flooding protoctil[M;]
is an approximately linear function of the prodst. Specifically, in Figure 3.5.3 we
observe that for a limited traffic intensity, the slope of ¥4 curve is equal to 1, in
other words, it exactly coincides with the domain size atstiime hopDS,) (e.g., all
the nodes receive and rebroadcast the packet). After haximgustively investigated
the local mechanisms of the IF protocol through per-hop ic®tive now turn our
attention to the global metrics, of particular interestiran application perspective.

We now analyze the results in terms of RE shown in Figure 3Fr8t, we con-
centrate on the flooding protocol, whose behavior heavipedds on the traffic load.
In fact, it is increasing when the traffic load is small, anghbws an opposite de-
creasing trend when the traffic load is high. When- 0.1 pck/s, the flooding pro-
tocol always outperforms the IF protocol, clearly at thetadsa larger number of
rebroadcasts (as previously shown). Conversely, floodiffgrs a performance loss
whenA = 100 pck/s and the node spatial density is higke & 10 veh). With the
exception of the case with=5 andA = 0.1 pck/s, which will be discussed later, all
the RE curves of the IF schemes exhibit the same monotopidalireasing trend,
converging to a (small) saturation value. There is a redionpsz < 5 veh, with a
very fast decrease, while f@gz > 10 veh the curves are relatively constant. Taking
into account the results shown in Figure 3.3, it can be olesktirat the decreasing



60 Chapter 3. The Irresponsible Forwarding Broadcast Prot@ol

0.5 :
IF, c=1, A=0.1 pck/s
0.45 -} IF, c=1, A=100 pck/s 4
\ IF, c=5, A=0.1 pck/s
0.4 3 IF, c=5, A=100 pck/s 1
0.35 - flood, A=0.1 pck/s i

flood, A=100 pck/s

0.25

TE

0.15

0.05

owo IF, c=1, 2=0.1 pck/s —a—
0.8 | IF, c=1, A=100 pck/s === i
N 701 s NP =5, 2=0.1 pok/s @
; =0-1PCKIS |F "¢=5, 2=100 pck/s
flood, A=0.1 pck/s ==3=-
0.6 flood, A=100 pck/s =& 1
L oy § A A A
o
0.4
02 "> A=100 pck/s<
0
0 5 10 15 20
ps z [veh]
(b) RE

Figure 3.8: (a) TE and (b) RE as functions@¥, considering flooding (black) and
the IF protocol withc = 1 (red) andc = 5 (blue). Two values of the traffic load are
used, respectivelyy = 100 pck/s (dashed lines) aidd= 0.1 pck/s (solid lines).

trend appears when the ratigacr/N is small, while it disappears as the ratigacr/N
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converges to 1.

The behavior of the IF protocol with=5 andA = 0.1 pck/s is radically different
from that of the others schemes. In this case, the RE is mpoiwaity increasing, with
the exception of a limited region belogpéz = 5 veh. Moreover, when the network is
connected, the RE slowly continues to grow (with a small aJopntil it reaches a
value around ®. This (undesired) decreasing trend figz = 5 veh can be explained
as follows. Whert = 1, the domain sizes drastically reduce (as shown in Figée 3.
The IF protocol cannot thus exploit the node spatial denitythis situation, the
maximum RE is obtained foteacy/N < 1, i.e., when the network is not operational,
being poorly connected. A value of= 5, on the other hand, seems to be sufficiently
high to exploit the node spatial density, since the domaiessiend to remain almost
constant (as shown in Figure 3.6). Even in this case, thoaghexcessive traffic
load (e.g.,A = 100 pck/s), generates an increased amount of channel tionten
(especially in the first hops), thus eliminating the advgetaf the larger value af
and leading to a small RE. Therefore, one can predict thaezds of an optimal
value ofc for given values of the average traffic loAdand of the producpsz.

Finally, in Figure 3.9D is shown as a function gfsz. One can observe that in
the saturation region (high values@f) the flooding protocol is very sensitive to the
traffic load, as shown by the “explosion” of the delay in theeaithA = 100 pck/s.
Conversely, all the IF curves exhibit an “attractive” beloavsince they are slightly
increasing in the region with low network connectivity (dhvaluespsz), while they
become approximately constant in scenario with high caivigc(psz ~ 20). We
stress the fact that all IF schemes (with- 1 andc = 5) have approximately the
same delay, in the saturation region whereas there is a gegmifall values ofpsz.
This behavior is mostly due to the CSMA/CA mechanism. In,factthe poorly
connected region, on average, the packets experience aramaber of hops. In
addition the CSMA/CA manifests its effect mostly in the véirgt hops experienced
by the packet when the traffic load is more intense due to themity to the source.
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Figure 3.9.D as a function opsz, obtained foA = 100 pck/s and = 0.1 pck/s. The
curves are obtained for the IF protocol with= 1, c = 5 and for the flooding protocol
(flood).

3.5.4 Onthe Impact of Local Node Spatial Density Estimation

As anticipated in Subsection 4.4.1, the simulation-basedopmance analysis in
IEEE 802.11b networks has been carried out considering faxde spatial density
estimation. As intuitively expected, this should lead eaode to a more accurate
selection of the probability of retransmission, thus ojtimg the performance of the
IF protocol. However, in order to further simplify the priget communication pro-
tocol to be used (more precisely, to eliminate the need fonamging hello messages
between neighbors), it is of interest to investigate thedotwf the use of the esti-
mated global node spatial density at each node. This is enheiith the theoretical
analysis carried out in Section 3.5 and is meaningful fohhigy scenarios where a
vehicle could adaptively select the value of the node spdgiasity depending on the
period of the day (e.g., high node spatial density valuengduttie rush hours and low
node spatial density value during the night).

In Figure 3.10, we directly compare the performance of theiétocol with
¢ = 5 in scenarios with local node spatial density estimatidre @imulation set-
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Figure 3.10:D (blue curves) and RE (red curves) as a functiompgf obtained for
c=5andA =100 pck/sA = 0.1 pck/s. Nodes use a global valueaf(IF* curves)
or alocal value (IF curves).

up considered in the previous subsections) and global nuatiakdensity (denoted
as IF in the figure). In particular, our comparison is carried antterms of RE
and delay, considering two possible values\dfepresentative of high and low data
traffic, respectively). As one can see, the differenceselims$ of RE, are negligible
for all considered data traffic levels. Considering the getacan be observed that,
in the presence of high data traffic, the use of a global nodéamensity slightly
reduces the delay.

3.6 Concluding Remarks

In this chapter, we have proposed a probabilistic-baseidaelsast scheme, denoted
as IF, for linear networks (e.g., highway-like vehiculartamt networks). Unlike
other existing approaches, the IF protocol take into accthenode spatial distribu-
tion. The proposed scheme is inherently distributed. Ity &axch vehicle can compute
its own rebroadcast probability without relying on any cahauthority. On the other
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hand, provided that the network is sufficiently dense, th@r#tocol can automat-
ically control the average number of rebroadcast packetaelt hop by properly
setting a single shaping parameter.



Chapter 4

The Impact of Mobility on
Broadcast Data Dissemination

Never underestimate the bandwidth of a station wagon fulijpés hurtling down the highway.

— Andrew S. Tanenbaum

4.1 Introduction

In this chapter, we examine the problem of disseminating dat2V IEEE 802.11

networks. Our investigation is carried out by comparingotigh simulations, the
performance of IF in many radically different mobility cations: a static highway
VANET (e.g., a scenario where all cars move at the same spaeaipbile high-

way VANET in stationary conditions; several mobile urbanNRAT scenarios, with
junctions controlled by Traffic Lights (TLs) and Roundal®o(R)s. The performance
analysis is carried out, first, from a single packet prospedmeaningful for safety-
related applications) and, then from an information flowspextive. In this latter
case, we evaluate the maximum amount of transferable datier;ins of throughput,
from the RSU to the vehicles lying in a Region Of Interest (R@bund a fixed Road
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Side Unit (RSU). The structure of this chapter is the follogviIn Section 4.2, we
introduce the VANET scenarios considered in our simulasinalysis. Section 4.3 is
dedicated to the characterization of the used mobility nsodie Section 4.4, we de-
scribe the IF protocol, the considered performance metitd the simulation setup.
In Section 4.5 and Section 4.6, we evaluate the per-packethenper-flow system
performance, respectively. Finally, conclusions are drawSection 4.7.

4.2 Reference Scenarios

In [104], we have originally studied the performance of IRimultiple-lane bidirec-
tional highway. In this work we have extend the analysis tcoempass also several
mobile urban scenarios constituted by a few consecutiveéirtarsections and, there-
fore, characterized by a non-homogeneous vehicle disimiuThe highway scena-
rios are described in Subsection 4.2.1 (mobile) and Sulbset2.2 (static), whereas
the urban scenarios are described in Subsection 4.2.3itBéseir differences, the
considered scenarios have the following common features.

< Each vehicle is equipped with an omni-directional anteammzis characterized
by a fixed transmission range, denoted édimension: [m]).

< Each vehicle is equipped with a Global Positioning Syst&R$) receiver.
Therefore, we assume that each vehicle knows its own positi@any given
time.

» Each vehicle has the same lengith=5 m.

4.2.1 Mobile Highway Scenario

The reference mobile highway scenario is shown in Figureadd.will be denoted,
in the following, as Khon The road is composed byiane = 6 adjacent lanes (3 per
direction of movement), each with width equalw@ne = 4 m. As indicated in Fi-
gure 4.1, we consider a portion of a highway whose lehgthset proportionally to
the nodes’ transmission range as folloWs £ormz, wherelnom is the adimensional
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<_
—

Figure 4.1: The mobile linear network topology in an highveagnario.

factor already defined in Section 3.2. The vehicles in thedlanes at the bottom are
directed towards right (eastbound), whereas the vehinléei upper three lanes are
directed towards left (westbound).

The ROl is defined as the region centered around the RSU ahdenijthLro) =
lro1Z, Wherelro) < £norm. All the nodes lying in the ROI are implicitly interested in
the reception of the packets generated by the RSU. We asqwahé¢he highway
operates under stationary and stability conditions. leotords, the entering flux of
vehicles in the ROI is the same of the exiting flux of vehiclesire precisely, when
a node exits from the network area, it is assumed to re-engtantaneously. The
number of vehicles in the ROl is the random prodsgg(t).

Under the above assumptions, it is possible to define tharitesteous linear
vehicle spatial density within the ROI @&§(t) £ Nroi(t) /Lror (dimension: [veh/m]).
Conversely, the time-independent linear vehicle spagakdy (dimension: [veh/m])
within the whole highway section is

lI>

Ps (4.1)

N
T
We stress the fact that the highway portion depicted in [eigut will be considered
as a quasi-monodimensional netwérkince the width of the road is much shorter
than its length {normz > Niane: Wiane) @and of the node transmission range that is in the
order of the hundreds of meter as shown in Section 2.3.

1in Figure 4.1, for illustration purposes the scale is noliséa.
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Figure 4.2: The linear network topology in a single lane ofghtvay scenario.

4.2.2 Static Highway Scenario

A static highway scenario can be obtained by taking a snapsftthe mobile sce-
nario or, equivalently, on the basis of the single-laneistabdel introduced in Sec-
tion 3.2. AnNjane Static scenario could be obtained by simply replicatige times

a single lane, and by moving the source in the middle of thevort This scena-
rio is denoted as k. A representative realization of the topology of any lan¢hef
highway is shown in Figure 4.2. In this case, since bordexcedfcan be neglected,
the length of the highway section Is= ¢normz = froiZ. There is a single source
RSU, placed in the center of the network and identified by tiex 0. Them-th
lane fn e {1,2,...,Nane}) containsNy, nodes (each node is uniquely identified by
an indexj € {1,2,...,Nn}), whereNy, is a random variable. As usual, the positions
of the N, nodes are determined by a monodimensional Poisson poioggsavith
parameteps/Nane (dimension: [veh/m]), whergs is the vehicle linear spatial den-
sity defined in Subsection 4.2.1. By replicating this preddg,e times, we deploy in
the highway a random number of vehicles, given by the supéipo of Niane Pois-
son point processes. By the property of the superpositidhoifson processes, the
overall random process (in the horizontal axis) is still #Baon process of parameter
Ps. For comparison purposes, we assume that overall numbehadlgs in theNgne
lanes is given by the random variabig as in the mobile case. In other words, we
assume that

Niane

N= Nm.
nZl "
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4.2.3 Mobile Urban Scenarios

While a highway can easily be represented by a multi-lareégttt road, a meaning-
ful representation of an urban scenario is more difficult. ths reason, we consider
a few urban scenarios, obtained by simple variations ofréirejareference scenario.
In particular, we have taken into account a general scenaiastituted by a sin-
gle horizontal (east-west) road and several intersectergcal (south-north) roads,
whose number is denotedld ;. In all considered scenarias,,_ € {0,1,2}. When

road

Ny .q= 0 the vehicles can only proceed east or west, as there is totowards north
and south. On the contrary, whélf_,> 0 at each junction the vehicles can move

towards all four cardinal directions.

Each road has a length equallt@ag = #normz and is composed byiane adjacent
lanes:Niane— 1 are reserved for the vehicles entering the network (indpand the
remaining one is reserved for the vehicles exiting the nek@utbound). We foresee
two types of junctions: (i) the first one is regulated by a almout (R) with radius
10 m, whereas (ii) the second one is regulated by trafficdighLs), whose number
is equal to the number of available directions. During itsydiycle, a TL stays green
for Tyreen= 55 s, red forTeg = 60 s, and amber foFamper= 5 s. Obviously, the TLs
lying in orthogonal roads have an orthogonal duty cycle wétspect to those in the
horizontal road, under the assumption that the amber amh gr@ors are orthogonal
with respect to the red color. Moreover, in the presence dfiphel intersections we
assume that all TLs in the horizontal road are synchronized.number of junctions
will be denoted afjyn.

The vehicles enter the considered spatial region accotdigylobal (i.e., over
all inbound lanes of the scenario at hand) time-domain Boipsocess of parameter
y (dimension: [veh/s]). Once generated, each vehicle appaecording to a uniform
selection, in one of the available inbound lanes. Once acleknters the network,
it follows a random itinerary along the available roads,d@mly determining its
direction in correspondence to each junction. The vehieteegation process stops as
soon the number of generated vehicles reaches a pre-fixeel dahoted abl (as in
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the highway scenarid).

By construction, the urban scenario is square-shaped wigkseof fixed length
L = Lroa¢ The RSU is always placed at the center of the square regobwardefine
the ROI as the square region centered around the RSU witts exfdgiexed length
Lrol = froiz. Despite its square shape, urban scenario cannot be cratside a
purely bi-dimensional scenario, since the positions of/técles are still constrained
by the road infrastructure, which encompasses only theepoesof horizontal and
vertical roads. Conversely, if we ignore the relatively $ragea of the junctions, the
horizontal and vertical roads can be considered as quaseédimensional spaces.
This assumption allows one to define the following approxezer-road vehicle
linear spatial density:

P N (4.2)

1+ NX)ad) Lroad
where 1 horizontal road ard_, vertical roads are considered. The symbol used to
denote the per-road vehicle spatial density is the sameingbd highway scenario.
However, while in the highway scenario the definitionpgfyiven in (4.1) is exact, in
the current case the per-road linear spatial density giyga.2) is an approximation.
In the special case witN)_,= 0, the linear vehicular density on the right-hand side
of (4.2) becomes exact. Similarly to the highway scenaiioghe urban scenarios
pR(t) denotes the instantaneous average per-road (linear)l@edgatial density in
the ROI, where the average is carried out over all roads—ét) &ifferent roads in
the ROI are likely to have, at the same instant, differertaimsneous vehicle spatial
densities. In other wordg(t) is obtained from (4.2) by replacing with Nroj(t).

We consider eight instances of the above common urban tgpo&erence sce-
nario, by varying the junction type and the values\(f, ;andNun. A generic urban
scenario instance will be denoted a§, Xvhere X indicates the junction type (R or
TL), Y indicates the number of junctiondlf,, € {1,2}), and Z denotes the presence
of vertical roads—in particular, “Z=hv” wheNY_,> 0, and “Z=h" whenNY _,= 0.

roa
The eight considered urban scenario and their main parasnate summarized in

2We remark that, as in the highway scenario, ohtears are generated, they will remain in the
scenario till the end of the simulations. In fact once a catsefxom an outbound lane it re-enters
immediately from an in-bound lane.
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Table 4.1: Parameters of the considered mobile urban sosnar

‘ Scen.‘ Niad ‘ Njun ‘ Jun. Type‘ Niane
LY | o 1 TL 3
TLY | 0 2 TL 3
R} 0 2 R 2
R) 0 2 R 2
LV |1 1 TL 3
TLY | 2 2 TL 3
RV | 1 1 R 2
RV | 2 2 R 2

Table 4.1. The urban topologies witl,_ ;= Njun > 0, (namely, T, TLYY, R,
and R‘Z‘V) are shown in Figure 4.3 and Figure 4.4. The scenarios Mjth, = 0 can
be obtained by simply removing the vertical roads from thpologies shown in Fi-
gure 4.3 and 4.4, still leaving the junctions. Although thiay not be realistic from a
practical viewpoint (there is no point in using a R or TL if tés no crossing road),
it is meaningful from an information dissemination viewpio{the propagation of
information along a single direction may be meaningful).

The approximate definition gfer-road vehicular linear spatial density given in
(4.2) is valid regardless of the urban topology at hand, the. type of the horizontal
road (with single or double TL or R). However, the dynamic debr of pR(t) can

vary significantly in the various cases.

4.3 Mobility Models

In this section, we characterize the mobile highway andudsznarios introduced
in Section 4.2, emphasizing the different mobility chagaistics of these topologies.
The mobile highway scenario will be generated using Van&iion, while the mo-
bile urban scenarios will be generated using SUMO, two nitgtsimulator already
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Figure 4.3: (a) TEY, and (b) TL}¥ urban topologies, wittNY._,> 0, and the main
parameters set as in Table 4.1.

introduced in Section 2.2. As a by-product of this choice tomparative results
presented here can also be used to reciprocally validase gwdtware. In all the sce-

narios considered in this sectiatko = 8 and/nerm = 10, with the only exception of
the Hsa scenario, wherénom = 8.

4.3.1 Highway Scenarios

While in the static highway scenario (introduced in Sulisect.2.2) all vehicles
have zero relative speed differences (equivalently, dormmte), in the mobile high-
way scenario (introduced in Subsection 4.2.1), the IDM-L@bitity model defined
in Subsection 2.2.1 is used to characterize the mobility efficles—please recall
that the RSU is static. Table 4.2 summarizes the significardrpeters of the IDM-
LC model, tuned according to the empirical data present¢iili@)].

In order to validate the highway model, in Figure 4.5 we shioavttme evolution
of pR(t), for v™" = 20 m/s and/™ = 50 m/s. Three values @k (namely, 0.2 veh/m,
0.3 veh/m, and 0.5 veh/m) are considered. The results i@ show that, regard-
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Figure 4.4: (a) I%", and (b) ng urban topologies, witiNY_,> 0, and the main para-
meters set as in Table 4.1.

less of the value ops, after an initial transient perioghf(t) finally converges to a
stationary value. This guarantees that the consideredlenst®nario can effectively
model a stationary highway.

4.3.2 Urban Scenarios

The mobility of the vehicles in urban scenarios was modetdgithe KWG model
introduced in Subsection 2.2.2. The values of the relevardarpeters of the KWG
mobility model are summarized in Table 4.3. We remark th#t véspect to the IDM-
LC model adopted in the &y scenario (Table 4.2), the value @ is significantly
smaller.

In Figure 4.6, the time evolution of the instantaneous ayener-road (linear)
vehicle spatial density (in the ROI) is analyzed in the twoaur scenarios (with ver-
tical crossing roads and TLs) considered in Figure 4.3: (d)'Tand (b) TLY. In
Figure 4.7 the same results are shown with respect to the ddagas, namely, (a)
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Table 4.2: Main parameters of the IDM-LC and MOBIL models &émelr (empirical)
values.

Parameteri} ‘ Value

ymin 30 m/s
ymax 40 m/s
T 2s
a 0.6 m/s?
b 0.9 m/s?
P 0.5
Dsafe 4 m/32
aihr 0.2 m/s?
Ly 5m

REV, and (b) Fg". In each case, various values of the average per-road gedpatial
densityps (namely, 0.05 veh/m, 0.1 veh/m, 0.15 veh/m, and 0.2 veh/manside-
red. By observing the results in Figure 4.6 and 4.7s, thewallg comments can be
carried out.

« According to the results in Figure 4.6 (a) and Figure 4.6 ifbthe scenarios
with TLs p§(t), after an initial transient, exhibits a cycle-stationaghhvior,
with period roughly equal tdgreent Tred+ Tamber= 120 S. The cycle-stationary
nature ofpR(t) is especially evident in T?l’ scenario (case (a)). Note that the
average (over time) value @f(t) in the TL*Z“’ scenario (case (b)) is slightly
smaller than the “target valugds in the case withos = 0.2 veh/m. This is
mostly due to the fact that the ROI is placed between the tafidrjunctions,
as shown in Figure 4.3 (b).

« In the scenarios with Rs, from the results in Figure 4.7 (a) Rigure 4.7 (b)
one can conclude thaf}(t), after the initial transient, tends to a stationary con-
dition. At regime, there are still minor oscillations, whido not seem periodic.
Unlike the scenarios with TLs, in both scenaridﬁ’ Rnd FQZ“’, the steady-state
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Figure 4.5: The time evolution g#f(t) within the ROI in the Khop Scenario. Three
possible values fops are considered: 0.02 veh/m, 0.03 veh/m, and 0.05 veh/ml In al
casesy™" = 20 m/s and/™® = 40 m/s.

average (over time) value @f(t) tends to be greater than the “target” value
ps, especially for high values gds. This happens because a R junction has a
smaller vehicle capacity of a TL junctions.

4.3.3 Comparison Between Highway and Urban Scenarios

First of all, by comparing Figure 4.5 with respect to Figur,&nd Figure 4.7, one
can observe that with both SUMO and VanetMobiSim it is noaigtitforward to
obtain a “target” value ops. However, SUMO seems to guarantee a more refined
control on the vehicle spatial density than VanetMobiSinbeiter control could be
obtained by considering wider areas and a larger numberhi€les, but this would
lead to an explosion of the simulation time.

Secondly, due to the significant differences between urlp@nhighway scena-
rios, we have chosen different values of speeds and velpeléiat densities. In or-
der to emphasize this difference, in Figure 4.8 (a) we sh@ndibpersion diagrams
of the instantaneous per-road vehicle spatial densftt) with respect to the node
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Table 4.3: Values of the parameters used by SUMO for the géoarof mobile
urban scenarios.

Parameteri]{‘ Value ‘

ymax 20 m/s

0.8 m/s

b 4.5 mys?
g 0.5
T 1s
Ly 5m

speedv(t), in the Hpop and TLlh" scenarios. In the kb scenarios, three values pf
(0.02 veh/m, 0.03 veh/m, and 0.05 veh/m) are consideredreakén TLIV scenario
four values ofps (0.05 veh/m, 0.1 veh/m, 0.15 veh/m, and 0.2 veh/m) are cereid
In Figure 4.8 (b), an enlarged version of the dispersionrdiag of the Ko, Scena-
rios of Figure 4.8 (a) are shown. For each specific disperdiagram, each point,
the pair pR(t),v(t)) corresponds to a specific time instant of the simulatioonfr
the results in Figure 4.8, one can observe that in th&’ Btenarios the dispersion
diagrams tend to aggregate around the average densitg-gaée Furthermore—
as expected—in all cases the average speed is a decreasatigriuof the average
vehicle spatial density. However, one can observe that vheage vehicle speeds
are generally lower than the maximum speeds set in Tablenti Zable 4.3. In the
TL'l“’ scenario, this behavior can be easily justified by the p@seifithe junctions.
On the other hand, in the K, scenario this can be motivated by the fact that the
vehicles do not encounter a sufficiently long free space @ohréheir target speed.
Nonetheless, the maximum speed value (around 30 m/s) @asenH,q, Scenario
with ps = 0.02 veh/m is realistic for a stationary highway in most of thestern
countries.

Finally, in Figure 4.9 we show the dispersion diagram8((), v(t)) relative to
the horizontal road of the @ scenario, considering the four valuesmfalready
considered in Figure 4.8 (a) for the ‘]‘Lscenario. In this case, the ROI, placed bet-
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Figure 4.6: Average instantaneous per-road (linear) \eldpatial density (in the
ROI) in the two urban scenarios considered in Figure 4.3T(dY, and (b) TL". In
each case, various valuesmfare considered.

ween two junctions, surrounds both intersections (with)Tdrsl the horizontal road
between them. Therefore, the mobility in the horizontatirbatween the traffic junc-
tions is influenced by both TL plants, thus yielding to a muidhbr speed variance
with respect to the average (with respect to all roads in @8 Rehavior shown in

Figure 4.8 (a).

4.4 Irresponsible Forwarding in Mobile Scenarios

The performance analysis of the IF protocol (introducedeot®n 3.3) will be car-
ried out considering both per-packet and per-flow metribe former type of metrics
is suitable to validate the performance of applicationshsas safety-related appli-
cations, where a single broadcast packet needs to be disstechi The latter type of
metrics, instead, is suitable to evaluate the performahapmications, such the con-
tent distribution applications, where a significant amafrinformation needs to be
distributed using a flow of hundreds of broadcast packetall lcases, these metrics
will be evaluated through simulations.

Two per-packet performance metrics are considered: (iRibachability (RE),
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Figure 4.7: Average instantaneous per-road (linear) \eldpatial density (in the
ROI) in the two urban scenarios considered in Figure 4.4R) and (b) RY. In
each case, various valuesmfare considered.

as defined in Section 3.5.1; (ii) the average end-to-endydelthei-th hop, denoted
asD; (dimension: [s]) and computed as follows. In each simutatin, we average
over the delays experienced by all vehicles which receiggotitket at theth hop in
order to derive the average end-to-end delay at-thehop. The average end-to-end
delay at tha-th hop is evaluated as:

[
=1
whereDpopj is the delay of thg-th hop along the multi-hop path.
A single per-flow performance metric is considered, nambdy ihstantaneous
throughput. This metric, associated to a specific vehisldefined as

SHIGE

where N}er(t) is the number of received packets till tirhdy the considered-th
vehicle—assuming that the simulation run starts at time 0e-My, is the number of
packets of the flow.
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Figure 4.8: Average instantaneous per-road (linear) \eldpatial density (in the
ROI) (pR(t)) as a function of the average spee()), parametrized with respect to
the timet, considering various values g@k. In (a) there is a comparison between
Hmob and TL*i“’ scenarios, while in (b) there is an enlargement of thggd-$cenario

of (a).

We finally observe that, differently from static scenaribs kocal spatial density
pd(t), used in equation (3.3), can be significantly different friva per-road vehicle
spatial pR(t), because the mobility of the vehicles determines congistanmations,
especially in urban scenarios.

4.4.1 Simulation Setup

In this analysis we are interesting in validating the ideaisteminating data from

a RSU, using a multihop broadcast protocol, instead of iingito single-hop trans-
mission as commonly done in practice. We have implementexhitep of the IEEE
802.11b model present in ns-2.34 [48], after fixing some lpmrgsent in this release,
as described in Section 2.4, and we have adopted the deistimifriis free-space
propagation model, as defined in Section 2.3. The transonissinge varies accor-
ding to the desired value of the prodymfz. We use the standard value of the con-
tention window, (CWin = 31) and the lowest data rate (1 Mbit/s). As usual, the RSU
generates packets according to a Poisson transmissioibatisin with parametei
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Figure 4.9: Average instantaneous vehicle spatial defisitthe horizontal road of
the ROI) R(t)) as a function of the average spee(t)), parametrized with respect
to the timet, considering various values pt.

(dimension: [pck/s]). . In other words, our analysis of urtsxenarios aims at in-
vestigating the impact of traffic control (through TLs or REhe extension of our
analysis to urban scenarios with tall buildings around theets (e.g., in Manhattan,
New York), which create wireless “waveguides," would reguiareful modeling of
the propagation conditions.

In the case oper-packet(Section 4.5) angber-flow (Section 4.6) performance
analysis, the packet size (PS) will be fixed to either 100 £ye1000 bytes. The
considered performance metrics will be evaluated by auegagver 100 simulation
runs.

« In the per-packetanalysis, a single simulation run corresponds to a randomly
generated VANET scenario (nodes’ generation and assdciatsility pat-
terns) and to the transmission g = 1000 packets by the RSU. At the end of
each simulation run, the delay and reachability are obdlnyeaveraging over
the delays and reachabilities of all vehicles. The finalltesaf the simulation
are then obtained by averaging over the results of all sitiomlauns.
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« In theper-flowanalysis, in each simulation run we consider the same ralydom
generated VANET scenario (nodes’ generation and mobititygpn)—in other
words, the scenario generated at the first run is kept unelaainghe following
99 runs. However, run by run the transmission schedulindi@f\, = 1000
packets by the RSU varies, according to their generationthedend of each
simulation run, we evaluate the throughput experiencedlehicles within
the ROI. Finally, after all simulation runs, we evaluate #verage throughput
experienced by each vehicle. Note that the fact of keepiey ANET scenario
fixed allows to reevaluate the throughput of each vehicles #tmphasizing the
role of the specific path followed by each vehicle.

In both per-packet and per-flow performance analysis, stians will be carried
out considering the (highway and urban) scenarios destiib&ection 4.2, using
the mobility models introduced and characterized in Sacti@. Therefore, the only
information source in the network is the RSU, always plade¢tdeacenter of the ROI.

As considered in Section 4.2 for the characterization ofntiodility models, in
Section 4.5 and Section 4.6 the performance analysis oFtheotocol will be carried
out consideringror = 8 and¢norm = 10 in all scenarios but thedd scenario, where
norm = 8. In all cases, the shaping factoof the IF protocol in equation (3.3) will
be set to 5.

In order to obtain fair results, in all the comparisons earout in Section 4.5
and Section 4.6, we fix the same we fix a target per-road depsityevery scenario.
As a consequence of that, the number of nddesries from scenario to scenario.
In particular, if we fix a target per-road densjty, from the equation (4.2) we obtain
that the overall number of nodes is given by:

N = ps'—road(l+ Nx)a ;

wherepsloaqis the number of per-road nodes.



82 Chapter 4. The Impact of Mobility on Broadcast Data Dissennation

A!n—"/% h
/
08t A =100 pck/s
o — N
'S B .
0.6 N=10pck/s —E i
=
0.4
0.2 Hgta, A =100 pck/s ——
Hmob, A =100 pck/s —g—
HSt‘(H A=10 ka/S —A—
0 leob7 ‘)\ =10 ‘ka/S T._
6 8 10 12 14 16 18 20

psz [veh]

Figure 4.10: RE, as a function pfz, in the Hyz and the H,qp scenarios. Two values
of A are considered, namely, 10 and 100 pck/s.

4.5 Per-packet Performance of IF

4.5.1 Highway Scenarios

Although the static (kl;) and mobile (Khop) highway scenarios have the same road
topology, they are characterized by very different dynagoieditions. A direct com-
parison of the performance of the IF protocol in these twesadlows to clearly un-
derstand the impact of dynamic conditions in a highway sdenkn Figure 4.10, the
RE is shown as function @sz, considering two values &f (10 pck/s and 100 pck/s).
From the results in Figure 4.10, it emerges clearly that iteianary highway sce-
nario the behavior of a broadcast protocol such as IF is goifgiantly affected by
the dynamic state of the vehicle. In fact, for a given valud pthe performance ex-
perienced in a mobile scenario is basically identical (butfiinor differences at low
values ofps2) to that in a static scenario, because the mobility has receéin the
performance of IF, due to the stateless nature of the breagoatocol.
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Figure 4.11: RE as a function p§z, in the TLJV, TL}Y, TLY, and TL} urban scenarios.
In all casesA = 10 pck/s.

45.2 Urban Scenarios

In Figure 4.11, the RE obtained in urban scenarios with Tisbigvn as a function of
psz. All four urban scenarios with TLs shown in Table 4.1 are daed. In all cases,
A =10 pck/s. From the results in Figure 4.11, it can be conclutlatdthe number
of TLs has a strong impact on the RE. In fact, the performariteane TL is better,
regardless of the presence of an intersecting vertical tbad the performance with
two TLs. Depending on the number of TLs, the following comisaran be carried
out.

In the presence of onrEL, it can be observed that in the ']‘1_scenario (there is an
intersecting vertical road) the RE has roughly the samewehéslightly increasing
with respect tqosz) of that in the highway scenarios. This can be easily justifia
fact, when the TL in one of the two intersecting roads is gréemvehicle configura-
tion along this road is quite similar to the highway scenariih the exception of a
lower average speed and a smaller number of lanes: therdferbehavior is similar.
Conversely, when the TLs of this road become red (the otteat s green TLs,
i.e., it behaves as described before), there are two logatesk of highly connected
static vehicles, thus leading to a higher probability ofcassful packet forwarding.
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In the TL*l1 scenario (there is no intersecting vertical road), the RBvier than that
of the TLTV scenario for small values @kz and then becomes higher for increasing
values ofpsz. Since there is no intersecting vertical road, connegtigitcompletely
“delegated” to the horizontal road. When the TLs are grelepsz is too small the
VANET becomes sparse, connectivity is lost, and the RE iskaw sufficiently large
values ofpsz, even when the TLs are green, the moving cars are sufficidatige and
packet forwarding is guaranteed. In particular, the RE bexoslightly higher than
in the TL*l“’ scenario, as there is a reduced number of forwarding aniésaround
the junction—recall that in the m case, when the TLs along the horizontal road are
green there are clusters of stopped vehicles in the verteal.

In presence of twd Ls, the RE exhibits a radically different behavior with redpec
to the previous case and significantly lower values. Rexptlie structure of the ROI
shown in Figure 4.3 (b), the results in Figure 4.11 can bapnéted as follows. In
the TL) scenario (there are no intersecting vertical roads), wiutin BLs (along the
horizontal road) are red, there are two separated clustemoected static vehicles,
relatively distant from the RSU. Therefore if a packet cdmeach one of these clu-
sters, say the leftmost one, all the vehicles at the left efdihne network will not
receive the packets transmitted by the RSU.

Unlike the case with one TL, in the scenarios with two TLs thespnce of in-
tersecting vertical roads has a very beneficial impact: guig 4.11, the RE in the
TL'Z“’ scenario is significantly higher, regardless of the valupgafthan in the TIQ
scenario. In fact, the presence of vertical intersectiragisoguarantees that even if
the TLs along the horizontal road are red, there will be sogtecles, coming from
the vertical roads, which turn towards the RSU, thus guagin) connectivity in the
street segment, between the two junctions, in the middlehidimthe RSU is placed.

In Figure 4.12, the RE obtained in urban scenarios with Risag/a as a function
of psz—this figure is the equivalent of Figure 4.11, with the santéirggs, but for
the replacement of TLs with Rs. A very different behaviorthaiespect to the urban
scenarios with TLs can be observed.

+ In the scenariosvithout vertical crossing roadéR? and B), the RE is very
high, regardless of the number of Rs. In other words, the murob round-
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Figure 4.12: RE, as a function pfz, in the B, R}", R, and B urban scenarios. In
all cases\ = 10 pckis.

abouts has no impact. In fact, even in very dense scenadoge(hvalues of
0Ps2), the roundabouts make the traffic along the horizontal resa fluid, so
that the VANETS are almost always connected and packet fdimgis effec-
tive.

« In the scenariowith vertical crossing roadSR*l“’ and R*Z“’), the RE is high only
in the presence of a single R'l(‘R—for psz> 10, the RE is almost the same of
that in the scenarios with no crossing roads. Unlike th§“Ecenario, in the
RYY (two vertical crossing roads), the RE is low for small valeésgpsz, and
reaches a high value (around 0.8) only for very large valdesso In other
words, it turns out that in the case with two consecutive R$law vehicle
spatial density, the Rs tend to reduce the vehicle flow albadnbrizontal road
(this does not happen in the B‘lscenario), making the VANET around the
RSU disconnected.

In Figure 4.13, we analyze the delay, as a function of the hopber, in the
scenarios (a) with TLs and (b) Rs. The obtained results (thighslight exception of
TL'Z“’ in Figure 4.13 (a)) show that in all scenarios the delay isca#ly the same till



86 Chapter 4. The Impact of Mobility on Broadcast Data Dissennation

0.08

TLE —e—
0.07 FTLEY

0.06 [ TLEY v

0.05

0.04

0.03

0.02

0.01

Figure 4.13: Delay, as a function of the hop index, in scesafd) with TLs and (b)
with Rs. In all casesd = 10 pck/s, angbsz= 20 veh.

the 5-th hop. Sincérp| = 8 (as stated at the end of Subsection 4.4.1)z2ad.00 m,
the side of the square ROI fgp;z= 800 m. Being the RSU placed at the center of
the RO, if the VANET is completely connected, then the traitted packet reaches
all vehicles in at most 5 hops in all scenarios. This is cordtirny the results shown
in Figure 4.14, discussed in the following. After the 5-tiphthe presence of vertical
crossing roads has a relevant impact.

+ In theabsencef vertical crossing roads (. TLY, R}, RY), the delay increases
steeply. This is due to the fact that most of the vehicleséRBDI have already
received the packet and, therefore, drop newly receivesiors of the same
packet. If a vehicle has not received the packet yet, it vallehto wait longer.

+ In the presenceof vertical crossing roads (T, TLY, R}, R}Y), the delay
increases smoothly. This is due to the fact that the vehmhsring the ROI
from the vertical roads may retransmit the packet and, tbexgkeep the delay
short. Recall, however, that in the presence of verticadsing roads the RE is
lower than in the absence of them. In other words, fewer lehieceive the
packet but, when they do, the delay is more shorter.

As anticipated above, in Figure 4.14 the reachability isnghas a function of
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Figure 4.14: RE, as a function of the hop index, in scenam@dsnMth TLs and (b)
with Rs. In all casesd = 10 pck/s, angbsz= 20 veh.

the hop number, considering scenarios (a) with TLs and (b) ®Rs. In both cases,
two representative values pfz, namely 5 veh (low vehicle density) and 20 veh (high
vehicle density), are considered. Characteristic tremsbe observed in both the
cases with TLs and Rs. From Figure 4.14 (b)) we observe thilkiiscenarios with
Rs without vertical roads (Rand R)) the value ofpsz has, basically, no impact.
In all the other cases, namely, scenarios with TLs (Figuld 4a)) and scenarios
with Rs with vertical roads, it can be observed that, for egmdrific scenario, at the
first hops, the RE is higher fqosz = 5 veh, whereas for larger number of hops it
becomes higher fopsz = 20 veh. This behavior can me motivated as follows. With
psz= 5 veh the network is weakly connected and a very small numeticles can
be physically reached by the RSU. For this reason, at thefiretyrops almost all the
reachable nodes receive the packet. On the contrary, dhe szarce connectivity in
this condition it is very difficult to reach all the reachalledes. We finally observe
that, coherently with the results of Figure 4.13, in all cag#ther with TLs or Rs, the
maximum reachability is approximately achieved at the Beh.
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4.6 Per-flow Performance of IF

In this section we try to characterize the maximum amountaofdferable data from
the RSU to the vehicles passing through the ROI, by meastiaghroughput, as
defined in Section 4.4. Our goal is to derive an optimal sirater content distri-
bution applications, in order to maximize the amount of ¢farred data, by tuning
systems parameters such asand PS. We assume that the RSU transmits, every
100 s, a new information flux constituted bly = 1000 equal size packets. We have
considered two values of, respectively 10 and 100 pck/s, and two values of PS,
respectively, 100 and 1000 bytes, leading to 4 differentfigarations. SinceN,

is fixed, the duration of the transmission is solely detegdiby A (10 or 100 s),
while the PS determines the total amount of transmittedrinédion (100 Kbytes

or 1 Mbytes). We observe that the configuratidgn=£ 100 pck/s, PS=1000 bytes)
represents a saturation condition since the RSU emits [smekieh a data rate of
800 Kbit/s (80% of the theoretical data rate of 1 Mbps). Cosely, the configura-
tion (A = 10 pck/s, PS=100 bytes) leads to an highly unsaturated timmdsince the
data rate is equal 8 Kbit/s (0.8% of the theoretical datg rdtee remaining configu-
rations f = 10 pck/s, PS=1000 bytes) andl £ 100 pck/s, PS=100 bytes) are both
characterized by a data rate of 80 Kbit/s (8% of the theaktata rate), and they
allow to evaluate the impact of the transmission duratiesectively 100 and 10 s)
on the throughput.

In all scenarios taken in account we gBrz = 20 veh, thus yielding to a per-
road densityps equal to 0.02 veh/m. Therefore, considering thatm = 10, each
scenario has a number of nodes giveNby= 200(1+ N;{)ad), but in Hgta SCenario,
whereN = 160. The node indexes are assigned at the end of the simmylafir
having ordered, decreasingly, the measured values. Maaspty, vehicle 1 will

have the highest throughput and the last vehicle will haeddtvest one.

Finally, it has to be pointed out that in all the mobile scémthere is a signif-
icant number of nodes with a zero throughput since they aing,lyoy construction,
outside the ROI at the moment of the transmission. Moredber,scenarios have
typically a different number of vehicled, because of the assumption of having the
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Figure 4.15: Throughput, as a function of the normalizedalehindex {*), in Hgtg
and Hyop Scenarios with two values of: (a) 10 pck/s and (b) 100 pck/s. In both
cases, two values of PS are considered (100 bytes and 10£X).byt

same average per-road vehicular density in all the hord¢@mtd vertical roads. For
these two reasons, in order to carry out a meaningful throwigbomparison among
scenarios with a different number of nodes, it is necessacphsider a normalized
node index, defined as= ., i* € [0,1].

4.6.1 Highway Scenarios

In Figure 4.15, the throughput is shown, as a function of themalized vehicle
index (*), considering (@) = 10 pck/s and (b)A = 100 pck/s. For each value
of A, we consider static (&) and mobile (Kb scenarios, and two values of PS
(100 bytes and 1000 bytes). We observe that the saturatdjwation (curves
with PS=1000 bytes in Figure 4.15 (b)) has unsatisfactorfopmance on both mo-
bile and static scenarios. On the opposite hand, the |dfietdaad configuration
(A =10 pck/s, PS=100 bytes) shown in (Figure 4.15 (a), exhilittsaighput greater
then 0.9 for all the vehicles in the ROI in both static and nebstcenarios. Therefore,
we can consider the data rate of 8 Kbit/s (0.8% of the thezakthroughout) as the
maximum sustainable rate.

From the results in Figure 4.15 (a) and Figure 4.15 (b), itrgemthat the high-
est throughput (vehicle index 1) is obtained in the statigjrscenarios. However,
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Figure 4.16: Throughput, as a function of the normalizedalelindex {*) (a) in the
TLY and TLY scenarios and in (b) theJRind R scenarios. We have considered two
values of PS, respectively 100 and 1000 bytes, and two valids respectively,s
10 pck/s and 100 pck/s.

while in the mobile (H,qp) scenarios the throughput experienced by all vehicles is
similar, in the static scenarios there are relevant diffees between the highest and
lowest values. This is expected, as in a mobile scenarie thex “less privileged”
vehicles which stay longer near the RSU. However, this eippears clearly only if
the transmission duration is sufficiently long, as emergesdmparing the two con-
figurations with a data rate equal to 80 Kbit/s. In fact, wHemttansmission duration

is only 10 s as in the casa & 100 pck/s and PS=100 bytes) in Figure 4.15(b), the
Hmob Scenario exhibits an unfair trend, similarly to thgdHWe finally observe that
among the two 80 Kbits/s configurations does not emerge a wlieaer, neither in
the Hnop Or Hsta SCENArio.

4.6.2 Urban Scenarios

In Figure 4.16 is shown the throughput as a function of thenatized node index
(i*), obtained in urban scenarios wily,n = 1, considering both (a) TL and (b) R
junctions. We have examined 4 combinations of PSruly considering two values
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of PS (100 bytes and 1000 bytes) and two values ¢0 pck/s and 100 pck/s). Ac-
cording to Figure 4.16, the throughput in the Rs scenariovhassmooth variations
and it behaves similar to the highway scenarios. This happenause a roundabout
allow the vehicles to passing it without stopping, thus diied to a more fluid ve-
hicular traffic, reducing the local spatial-temporal vida of the vehicle density. In
particular, in the scenario without vertical roads, theielels have always the prior-
ity at the junction and they never stop. Conversely, in the Stenario the spatial
density significantly varies both in time and space, thusvatihg the more irregular
throughput shape exhibited by the TLs scenarios. From Eigut6 we also observe
that the Rs scenarios are insensitive with respect to theepoe of a vertical roads,
differently from the TLs scenarios are significantly affsttby the presence of a
vertical road. We finally remark that among the configuraiarith the data rate of
80 Kbit/s, in the Rs scenarios the configuration with= 10 pck/s exhibits a clear
advantage with respect to thhe= 10 pck/s (as in the highway), while in the TLs sce-
narios, there is no a clear winners. Despite of these signifidifferences, the Rs and
the Ts scenarios offer quite similar performance in termagblute value, especially
in the scenarios without vertical roads.

4.6.3 Comparative Analysis

Finally, in Figure 4.17 we directly compare the through@mst,a function of the nor-
malized node index, in highway and urban scenarios. In daderake a meaningful
comparison, we only consider the urban scenarios withoricaé crossing roads
(i.e., TLN, TLQ, R*l‘, and F§). For easy of comprehension, we focus on a single config-
uration (PS=1000 bytegd, = 10 pck/s) characterized by transmitting a packet flow of
1 Mbytes in 100 s, with a data rate of 80 Kbit/s. Figure 4.18msffmany insights on
the characteristics of the different analyzed scenariwst &f all, both Rs scenarios
exhibit a trend similar to which of the kb, scenario, with slightly lower maximum
values and slightly higher minimum values. This behavioe@sonable, since the Rs
scenarios without vertical roads can be considered as adfilwv-speed highway,
with a flux of vehicles that is regular both in space and time.

Conversely, we observe that the r1*I'siscenario behaves like thegslscenario with
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Figure 4.17: Throughput, as a function of the normalizedatelindex {*) in various
urban and highway scenarios. We consider PS=1000 bytes anti0 pck/s.

the exception of having slightly worse performance and aenroegular shape. This
behavior can be easily motivated by considering that for@pmately half of the

transmission time the traffic lights are red, thus leadinth&othe formation of two
clusters of static vehicles around the RSU.

Finally, we observe that T.scenario has a different behavior from the other
scenarios with smaller maximum and average throughpus péiformance can be
motivated by considering that the position of the RSU théa idhe middle between
the two junctions, instead of being near the TLs as in th@ §denario. In this con-
dition, the RSU is in spatial region where the local spatihsity is smaller than
the average. For this reasons the retransmissions are wdakey can be easily be
interrupted for the lack of connectivity.

4.7 Concluding Remarks

In this chapter, we have analyzed the impact of the vehiaulaility on the dis-
semination of broadcast data in 12V networks by means of migalesimulations,
supported by realistic mobility models and by considerimghbhighway and sev-
eral types of urban scenarios. In all cases, communicatiams relied on the use
of a probabilistic forwarding protocol, namely IF. The grs$ has been carried out
analyzing both per-packet and per-flow system performance.
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From asingle packeperspective, the performance of a stateless broadcast prot
col, such as IF, has shown to be insensitive to the vehicleilityolevel, at least in
highway scenarios. On the other hand, in urban scenarigsettiermance of the IF
protocol is affected by the number and the type of functi@ithér TLs or Rs), since
they induces significant spatial-temporal variations efltical vehicle density and of
the VANET connectivity. Also, thénformation flowanalysis offers several insights
on the impact of vehicles’ mobility on the performance of tRerotocol. Our sim-
ulations have shown that a urban road with traffic lights cawell approximated
with a static highway, while a road with roundabouts haveargimilarities with a
mobile highway scenario. This suggest that, despite of therascopic differences,
the mobile and the static highway scenarios can be used agxappted model of
complex urban topologies.






Chapter 5

Decentralized Detection In
Clustered Vehicular Networks

5.1 Introduction

In this chapter, we consider a V2| scenario, where the veiekt as a distribu-
ted wireless sensor network. In particular, we analyze #mfopmance of vehicu-
lar decentralized detection schemes, based on the oliserviay all vehicles of a
VANET, of a spatially constant phenomenon of interest. Quuraach consists in
the creation, during a downlink phase, of a clustered VAN&dotogy during fast
broadcast data dissemination, from the Access Point (AR)ugh a novel clustering
protocol, denoted as Cluster-Head Election IF (CHE-IF)sTdustered topology is
then exploited, during an uplink phase, to collect inforioratrom the vehicles and
perform distributed detection. Our results highlight thxésting trade-off between
decision delay and energy efficiency. Unlike classical genstworks for distributed
detection, the proposed vehicular distributed detect@remes exploit the natural
vehicle clustering and have to cope with their “ephemeralfure. More precisely,
vehicle mobility has a direct impact on the maximum amourdatf which can be
collected, thus leading to the concept of decentralizedatien on the move.
The goal of this work is to analyze the performance of deadinéd detection
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schemes in vehicular networks, when a spatially constaehgienon of interest
(e.g., the average smog level or traffic situation on a giealy has to be detected.
The CHE-IF protocol is used to determine, during the dovknphase, the “virtual”
clusters and the corresponding CHs. The so-formed clukterhicular network is
then used, during the uplink phase, for data aggregatiofoaifsion. In particu-
lar, local per-cluster fusion is carried out at the CHs. dasi vehicular clustered
topologies are analyzed, showing the trade-off betweeisidecdelay and energy
efficiency. Moreover, on the basis of realistic simulatieauits, we estimate the ave-
rage cluster lifetime, thus deriving insights on the maximadata which can be reli-
ably collected and processed by clustered VANETS. Unlilécgl sensor networks,
where the clustered topology is imposed by the designer MANET scenario the
clustered topology naturally emerges and needs to be igdbcexploited.

This chapter is structured as follows. In Section 5.2 andi@e&.3, prelimi-
naries on the system and communication models, respsgtarel provided. In Sec-
tion 5.4, the performance of decentralized detection tiectas in clustered vehicular
networks is analyzed and discussed, considering realisthtET clustered topolo-
gies. In Section 5.5, by characterizing the lifetime of sstd, we derive conclusions
on the amount of data which can be processed by a clustereEVANnNally, con-
cluding remarks are given in Section 5.6.

5.2 System Model

We consider a static one-dimensional wireless network Witfreceiving) nodes.
Each node is uniquely identified by the indides {1,2,...,N}. The source node,
denoted as node 0, is placed at the left end of the networka$semption of static
nodes is not restricting and, in Section 5.5, we will providere details on the ap-
plicability of the obtained results to mobile networks. Hystem model is the same
used during the rest of the thesis and presented in Secfom3articular, the refer-
ence scenario is represented by Figure 3.1. All vehiclesrgbsa spatially constant
phenomenon, i.e., a phenomenon whose status does not dnamgeehicle to ve-
hicle along the road. For example, vehicles could monitdhéf average smog (or
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fog) level overcomes a critical threshold: the VANET wouletthre that it does if it
happens for most of the road. The observed phenomenon cambeaally defined
as

H— Hp with probability pg
] Hi with probability 1— po

wherepy 2 P{H = Ho}, beingP{.<} the probability that the event’ happens. The
valueHg can be interpreted as the fact that the underlying physicahpmenon is,
on average (along the road), below a given threshold, whateavalueH; can be
interpreted as the fact that the underlying physical phesram is, on average (along
the road), above a given threshold.

5.3 Clustered VANET Creation and IVCs

In this section, we derive the communication model for thieiadar distributed de-
tection scenario. First, a downlink phase is envisionederehthe AP broadcasts a
query to all vehicles in the network, in order to obtain imf@tion about the phe-
nomenon of interest. During this phase, the CHE-IF protdoesides guaranteeing
fast information dissemination, automatically createiatered architecture, by op-
portunistically exploiting the ephemeral vehicular cérst After a clustered network
topology has been generated, during the uplink phase thenttatized detection
task is performed by transferring the sensed data from thieles to the AP, through
multi-hop communications and considering local fusionastevehicular cluster.

5.3.1 Downlink

The philosophy of CIF protocol, proposed in [84], is to elithba weak artificial
packet flow, having the task of discovering the presence toirally formed clusters.
Then, this information is exploited in order to optimize tloewarding procedure,
increasing the reliability and the transmission efficiedmyt without building up a
true clustered infrastructure.

In this work, we propose a derivation of CIF, denoted as CHEHat introduces
some mechanisms expedient to make CIF a protocol capabficiergly construct



98 Chapter 5. Decentralized Detection in Clustered Vehicalr Networks

a stable clustered infrastructure. The new CHE-IF protixaltotally decentralized

protocol, since each node designates its own CH withouujngsa common global

consensus. The purpose is that of obtaining an operatiwtectd topology in the

shortest time, in order to start the data collection pro@sssoon as possible. This
behavior fits well with the intrinsic dynamic nature of a VANEcharacterized by

continuous topology changes that vanish the hypothetidedrstages of a central-
ized clusterization protocol. Moreover, a refinement of ¢hester structure can be
performed once the collection process is started, makirall smdjustment of the net-

work topology.

The CHE-IF protocol is designated in order to choice a sifighe among the
retransmitting nodes of a transmission domain. This igigadlds to the creation of
an unique set of connected CHs able to coverage the entiaeofriaterest. After
choosing the CHs, the cluster will naturally form. In fattethodes not designated
as CHs become children of the nearest CH, leading to the famaf clusters of
similar dimension.

The CHE-IF protocol defines 3 types of packet: (i) Clustetidfization Packet
(CIP); (ii) Probe Packet (PP); (iii) Cluster ConfirmationcRet (CCP). The CHE-
IF protocol is composed by three phases. In the first oneutitrahe exchange of
some dedicated packets (CIPs and PPs), every node fills atemgouting table
containing the list of the potential CHs in its transmissiange. During the second
phase, that starts after a tirfi¢'" (set proportionally to the length of the network),
each node elects its CH basing on the information containdits irouting tablé:
Due to the lack of global consensus, it is not guarantee figadi¢cision of the nodes
match together. For instance, some nodes could designdtetlsaCdoes not believe
of being a CH. For this reason, there also a third phase, arowtfon phase, during
which the AP sends a a special packet that is retransmittgdbgnthe CHs (with
probability 1). Listening to the CCP, the network nodes candme aware of the
identity of the true CHs.

While the second and the third are relatively simple, the firese is more com-

1A given node elects itself as a CH for théh transmission domain if it is the farthest retransmitter
of its transmission domain.
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Figure 5.1: CH election of the CHE-IF protocol.

plicated, as it requires, at every hop, 4 steps that are malphrepresented in Fi-
gure 5.1 and described in the following.

The first phase consists of the transmission of the CIP by a obthe(i — 1)-th
transmission domain, which leads to the identification efth transmission domain
(the AP in the case of 1-th transmission domain). The CIP ¢ w&h a transmit
powerPC'P and contains an unique identification (ID) and the sourceesddof the
AP.

The second step derives directly from the IF protocol andseraof “virtual con-
tention.” In particular, every node in theh transmission domain decides to become
or not a potential forwarder by performing the same prolsthilelection mechanism
of the IF protocol. The winners of this contention will begire third step, while the
others will simply discard the packet.

The third step derives from the concept of “ephemeral citisbace a node wins
the first virtual contention, it schedules the retransroissif a very short packet, de-
noted as Probe Packet (PP). A PP bears just two informatipnhé unique identifi-
cation (ID) of the CIP; (2) the distance from the node in thevjous transmission do-
main from which it has received the packet. The PPs are gitafly single hop, i.e.,
they are not forwarded. A PP is transmitted with a power defasP"" = 0.25PC'P,
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in order to reduce network congestion, since a node is stiedeonly in signaling
its presence to its neighbors, and with a high priority, idevrto reduce the overall
latency. Moreover, a low transmission power allows to redcitannel interference.
The specific power and priority setting of a PP have to be tawedrding to the used
MAC protocol, as shown in [84]. After winning the virtual demtion, every poten-
tial forwarder sends a PP. It then waits for a short interdahoted ag,;™4, where
TPPis a proper constant. If, within this interval, it receivedemst a PP containing a
value of distance larger than its own, it stops and discdrelpacket (in fact, there is
some other better placed forwarder); conversely, it retrats the CIP. In the worst
case, when a collision between two or more PPs happens eleigion mechanism
fails and no node of the cluster is elected. In this case, dtranismitter in the pre-
vious transmission domain will retransmit the CIP for restg the CH designation
procedure at the-hop. This can happen until a maximum of 3 times, otherwigse th
whole designation procedure is considered failed.

The fourth step corresponds to the transmission of the @i the designated
forwarding nodes at thieth transmission domain.

5.3.2 Uplink

The uplink phase exploits the clustered structure createidgithe downlink phase.
More precisely, during the uplink phase, the data acquisethbN vehicles of the
VANET are transmitted to the final AP. Note that, unlike a legsensor network,
the created VANET can be used as long as its structure dodsesk, due to vehicle
mobility. In other words, there is a maximum amount of datéclltan be collected,
as investigated in detail in Section 5.5.

The observed signal at theh vehicle can be expressed as

N (5.1)

I 0—|—Wi ifH:Ho
" s+w ifH=H;

where{w; } are additive noise samples. Note tlsas considered as a deterministic
parameter. Assuming that the noise samgleg are independent random variables
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Figure 5.2: Network topologies (upper part) and their lagiepresentations (lower
part): (a) direct communications between CHs and (b) nidf-communications
between CHs and AP.

with the same Gaussian distribution’ (0, g?), the common observation signal-to-
noise ratio (SNR) at the vehicles, denoted as SNR. can be defined as SNRicie 2
§?/a?[82]. Each vehicle makes a decision comparing its obs@mvatiwith a thresh-
old valuet =s/2 and computes a local decision=U (r; — 1), whereU (+) is the unit
step function. Note that a vehicle could transmit one sidglgsion per packet or, by
collecting consecutive phenomenon observations, it coafgsmit packets with more
decisions. The strategy selection depends on the desaeéé-tff between data and
overhead per transmitted packet. However, investigatilmyaspect goes beyond the
scope of our work.

Suppose that during the downlink phase the CHE-IF protoeal Iead to the
creation ofn; < N cluster. Each vehicle can communicate only with its local. CH
Possible clustered topologies are represented in FigRra&cording to the particular
strategy for communications towards the AP. In particuldren a sufficiently high
transmit power is available, all CHs can communicate dieagith the AP, as shown
in Figure 5.2 (a). On the other hand, when the transmit posveof sufficiently high,
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multi-hop communications are required to transfer thermfation from the CHs
towards the AP, as shown in Figure 5.2 (b).

Once the clustered VANET topology has been determinediluiséd detection
has to be carried out, as described in the following section.

5.4 Decentralized Detection: Performance Analysis

According to the theoretical framework presented in [82]thie presence of a spa-
tially constant phenomenon the key performance indicattiné probability of deci-
sion error on the final estimate at the AP and can be expressed a

P. = P{H = Hy|Ho}P{Ho} +P{H = Ho[H1}P{H1}
= p1oPo+ Por(1— po) (5.2)

whereH is the phenomenon estimate and the probabilitigs(¢,m = 0, 1) depends
on the particular network structure (number of clusters sarsors per cluster) and
the considered fusion rule. The simplest fusion rule whigh lbe considered, either
at a CH or at the AP, is the following majority rule:

£ <M
F(xl,...,xM,k)A{ 0 MM Zmaxm<k (5.3)
1 ifyM xm>k

wherex, ..., Xy areM binary dataXm, € {0,1}) to be fused together ad= |M |+1
is the decision threshold. While a majority fusion rule gudees a good performance
in the presence of a phenomenon with equally likely statekstmatanced network
topology, other fusion rules need will be considered in morealanced scenarios.

The average probability of decision error, with respechidlustering configu-
ration, can then be computed as follows:

ﬁe(SNR_,ensoQ = E@ [Pe(SNPsenso}-@)] . (5-4)

where the average is performed over the probability masgibtm(PMF) of the num-
ber of nodes per cluster, denotedas (@é”,.@éz), ey %””). The first parameter
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Table 5.1: Main IEEE 802.11 network simulation parameter<OdHE-IF.
Packet Size| 100 bytes

Carrier Freq.| 2.4 GHz
Data rate 1 Mbps

TP 10 ms
TSP 200 ms

of interest for our analysis is the PMF of the number of nodea single cluster,
which is needed to obtain the average performance with cepéhe clustering con-
figuration in (5.4). To this end, we have simulating the damknphase by implement-
ing CHE-IF on top of the IEEE 802.11b model present in ns-2483, after fixing
some bugs present in this release, as described in SectioVe. have employed
the deterministic Friis free-space propagation model,eimed in Section 2.3. The
transmission range varies according to the desired valtleegiroducipsz. The other
relevant parameters are summarized in Table 5.1. We hawdered a linear net-
work with L = 8z and different values obsz (e.g., 5, 8, 10, 12, 15, 20 veh), where
Ps = 0.02 veh/m. Note that values gkz smaller than 10 are representative of dis-
connected VANETS, whereas values larger than 10 are typfghlighly) connected
networks. We also observe the valuesPBf andPC'" are set in order to obtain the
desired value of. The final PMF is obtained by averaging over 500 trials, where
each simulation run a different network topology is gerextat

In Figure 5.3, the PMF is shown for different valuesggt. As one can observe,
the shape of the PMFs is the same (approximately a Poidsetitihction) regard-
less of the value gbsz. The only difference is that the realizations of the clusiee
increases. In fact, in this case there is a larger number @ésan the transmission
range of the nodes and, therefore, it is more likely to ob&alarger cluster for in-
creasing values gfsz. Note that in (5.4) also the number of clustaegss needed. For
the ease of simplicity, we set this value to the avensdgefrom our simulations, we
have obtainedN; = 7 for psz= 5 veh and\; = 7 for psz= 8,5,10,12, 15, 20 veh.
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Figure 5.3: PMF of the number of nodes per cluster for difieralues ofosz.

In Figure 5.4, the probability of decision error is shownadanction of the vehi-
cle observation SNR, in a scenario with CHs directly conebetith the AP. Different
values ofpsz are considered. As one can see, the larger is the valpgzahe better
is the performance. This has to be expected, since a larger vhpsz corresponds
to a larger average value of sensors per cluster (as obserfégure 5.3). In fact, it
is well known that the performance of decentralized detecsichemes improves by

using a larger amount of sensors [82].

When the scenario depicted in Figure 5.2 (b) is considetetlsame majority-
like fusion rule can be considered, where, informationdnss performed over each
communication between CHs and between the last CH and the &ffs case, howe-
ver, the delay is much higher, since a larger amount of timeégled before obtaining
the final estimate of the phenomenon. In particular, theydeda be written &s

D= nhTh

whereTy is the time necessary to transfer 1 bit from one level to ardit each level
the packet size does not increase) apni the maximum number of hops between the

2We are implicitly assuming that the time needed by signatessing, i.e., fusion, is negligible.
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Figure 5.4: Probability of decision error, as a function loé tvehicle observation
SNR, in a scenario with CHs directly connected with the AFdpént values ofsz
are considered.

vehicles and the AP—for instance, in Figure 5.2r(@}= 2, whereas in Figure 5.2 (b)
np = 4 (in generahp = n¢+ 1).

From our results, however, the performance with the majdikie fusion rule
considered above are poor, since the information fusioreifopmed only on two
binary data. In fact, a decision in favor bl is taken if at least one of the two CHs
are in favor ofH;. However, ifHg is the true phenomenon status and observations
are noisy, the decision rule is biased towatdsand errors may still happen. In order
to obtain significant performance, we consider a majoikg-fusion rule biased in
favor of Hy, i.e., a decision in favor ofi; is taken only if both CHs’ decisions are
in favor of Hi. In Figure 5.5, the probability of decision error, as a fimetof the
vehicle observation SNR, in a scenario with CHs connectdtl thie AP through
multi-hop communications considering the new decisior.ridifferent values of
psz are considered. In a scenario with equal a priori probgbilftthe phenomenon
(case (a) withpy = 0.5), the performance drastically worsens with respect to the
case with direct communications between the CHs and the Afar@5.4). This is
due to the fact that, when the number of hops increases, tmberuof information
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Figure 5.5: Probability of decision error, as a functionhaf vehicle observation SNR,
in a scenario with CHs connected with the AP through mulp-iommunications
and different values gbsz are considered. In case (g = 0.5, whereas in case (b)
Po = 0.9.

fusions also increases and, therefore, the amount of irfoom transferred among
the network reduces. This has been also previously obsanj8d]. Since, however,
this fusion rule is biased in favor &fy, the performance improves when the observed
phenomenon is rare. This can be observed in Figure 5.5 (l&renthe probability of
decision error is shown in the case wiih= 0.9 andp; =1— pp=0.1.

In order to improve the performance of the multi-hop topg@sgwe also consider
another (soft output-based) fusion rule. Denot@fﬁsthe exact number of decision
in favor of Hy at the j-th cluster { = 1,...,n;). Similarly, né’;()) = déj) — nfj‘:i is the
number of decision in favor dfly in the j-th cluster. At this point, one can consider
the following log-likelihood ratio (LLR):

o o)
i = — Y = —
AR

which corresponds to the logarithm of the ratio between tiobability that the de-
cision of the CH is in favor oH; and the probability that the decision of the CH is
in favor of Ho: .#; > 0 if the hypothesidd; is more likely, and viceversa i¥j < 0.
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Figure 5.6: Probability of decision error, as a function loé¢ tvehicle observation
SNR, for the same scenario of Figure 5.5 and LLR-based fusilen

Since each CH receives the LLR from the— 1)-th cluste?, denoted asz}’f, the
fusion rule at the-th cluster becomes

L g,

Note that in this case, each CH should transmit a real nuniieieéd of a bit) and,
therefore, the energy consumption of this scheme is hidteer in the presence of
simple majority-like fusion rule. Finally, the AP decideghnthe following rule:
. Ho if .,%nf" <0
H=

Hy if .ZnLC’P <0.

In Figure 5.6, the probability of decision error is shownadanction of the vehi-
cle observation SNR, for the same scenario of Figure 5.5 aftthhased fusion rule.
One should observe a performance improvement with respéoe tmajority-like fu-
sion rule, both in a scenario withh= 0.5 and withp = 0.9. This should be expected,
since more information is transferred across the netwarkHeCH transmits a real
number instead of a single bit). However, this comes at tiwe @f a larger energy
consumption.

SWe are implicitly assuming that, when= 1, no LLR from previous CH is received.
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5.5 Impact of Mobility on Decentralized Detection

In this section, we investigate the impact of mobility on gezformance of the pro-
posed vehicular decentralized detection schemes. Mow@sphg we assume that
each cluster breaks when at least one of its vehicles disappe

In order to characterize the impact of mobility on the cludifetime we have
performed simulation analysis using the VanetMobiSim rigtsimulator, employ-
ing the basic IDM model, presented in Section 2.2.1. UsingetslobiSim we have
analyzed two scenarios, an urban-like and a highway-stygaario. The former is
characterized by lower speeds"{" = 5,v"® = 20 m/s), while the latter has much
higher speedsl{™" = 20,V = 35 m/s). In both cases we have simulated the be-
havior of hundreds of vehicles in stationary condition faufficiently long time. In
the urban scenario we have obtained an average spe€etl.4 m/s and a standard
deviationo, = 3.97 m/s, while the highway scenario we have obtaimed29.52 m/s
anda, = 4.37 m/s.

Let us consider a generic cluster composed by an averageanwhhodes, de-
noted asd.. In particular,d; can be computed from the PMFs in Figure 5.3 and it
can be shown thad. ~ psz. Assuming that the vehicles are randomly deployed in
a cluster of length 2 it can be shown that they are, on average, equally spaced by
2z/d.. The cluster lifetime is theoretically infinite if all nodase moving at the same
average speed. In order to analyze the impact of speed, dstsusne that all nodes in
the cluster are moving at the same average speeith the exception of one node.

At this point, the minimum cluster lifetime is obtained whtre vehicle with
different speed is the last in the cluster (with respect &dhection of movement)
and is moving with speed= vV — gy. The cluster will die when the relative distance,
with respect to the next vehicle, iz/ﬂc. Therefore, one can write

2z

I = .
¢ d.oy

min __

The maximum cluster lifetime is obtained, instead, whenldlsenode in the cluster
is moving with a speed = v+ g, and the distance to be covered to exit the cluster is
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equalto 2— ZZ/HC. Therefore, one can write

The average cluster lifetime can be simply defined as

. 1
. TCrIT1aX+TCrIT1|n B 22<2— a—c) z 1
TC| - — 2—_— .
dc

2 20y Oy

Assuming that data are collected with observation Rateahe amount of data which
can be, on average, collected during the cluster lifetime is

Ngata= TcIRb = &Z <2— i) .

Oy dc

Finally, one can define the throughput per VANET lifetime as
S2 Nyata(1—Pe) (5.5)

whereP: is a function of the observation noise, as shown in Sectidn 5.

In Figure 5.7, the throughput per VANET lifetime is shown gafsinction ofpsz,
for different mobility scenarios (differend,) and fusion rules. The vehicle observa-
tion SNR is set to 0 dB: however, it can be shown that the velabkervation SNR
has a limited impact (only for very small values pfz, whereS ~ 0). In the case
with direct communications between the CHs and the AP, thessical” majority-
like fusion rule is considered, whereas the LLR-based fuside is considered in
the presence of multi-hop communications between the CHs$tenAP. One should
observe that, for a fixed value af, the performance is the same regardless of the
fusion rule. This is due to the fact that the probability ofid@n error has the same
order of magnitude and, therefore, its contribution in Y3%5egligible with respect
to Ngata Moreover, the throughput in the presence of high mobildyge o) is lower
than that in the presence of low mobility (small). This is due to the fact that in the
latter case the average cluster lifetime is larger andefbe, a greater amount of
information can be transferred by the network.
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Figure 5.7: Throughput, as a function gz, for different mobility scenarios (diffe-
rento,) and fusion rules. The sensor SNR is set to 0 dB.

5.6 Concluding Remarks

In this chapter, we have analyzed the performance of vehialécentralized dete-
ction schemes, when a spatially constant phenomenon akgttes observed by a
VANET. By using a novel clustering broadcast protocol in avdtink phase, data

collection and fusion has been concentrated in the uplirds@hVarious clustered
VANET topologies have been considered, together with warifusion rules. The

performance of the proposed vehicular distributed detedtias been analyzed in
terms of probability of error on the phenomenon estimatdikdrclustered sensor
networks, where the clustering structure is a design aspeiproposed vehicular
distributed detection schemes exploit the natural foromatif ephemeral vehicle clu-
sters. By taking into account a cluster lifetime, our resatiow clearly that the max-
imum amount of data collectible during a VANET lifetime is maaffected by the

node mobility level than by the specific clustering struetur



Chapter 6

Silencing Irresponsible
Forwarding

6.1 Introduction

In this chapter, we present an improvement of the IF protdaib@ Silencing Irre-
sponsible Forwarding (SIF) protocol, that offers a greaféciency (e.g., a smaller
number of retransmissions), without penalizing the penonce in terms of latency
and reachability. This improvement is achieved by simplpasing that the winner
of a broadcast contention silences the other contendestgrtiag a new transmis-
sion domain. As a by-product, thanks to this innovation, $E protocol can be
more easily analyzed then IF, and therefore we will also idea complete, even
if approximated, analytical model. The SIF protocol is préasd in two slightly dif-
ferent versions, improperly denoted as “persistent SISIE) and “non persistent
SIF’(npSIF).

The remainder of this chapter is organized as follows. IrtiS8e®6.2 the SIF pro-
tocol is accurately described, while in Section 6.3 we prear analytical framework
of the SIF protocol. The performance of the SIF protocol @listic IEEE 802.11p
multi-hop linear networks is investigated in Section 6.4ffddently from the rest
of the thesis, in this case we have considered the IEEE 80%idtocol. Finally,
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conclusions are drawn in Section 6.5.

6.2 The SIF Protocol

Since directly derived from IF, we will describe of SIF withspect to the reference
scenario presented in Section 3.2. As shown in Chapter Jgitite challenging to
mathematically characterize the performance of the IFoeat This happens be-
cause both he number of retransmissions in a given transmig®main, and the
position itself of the retransmitter, is stochastic. A marathematical friendly” pro-
tocol could be obtained by forcing to have a single retratt8rginode in every trans-
mission domain. This can be obtained by imposing the folhgwiules. Let assume
that the nodek belongs to 1-th transmission domain of a certain frame. Amlis
the source belongs at the 0-th transmission domain. Thgrosephat thé-th node
receives a copy of the frame from the nddehen, it schedules a retransmission ac-
cording to the standard IF policy, sinde> dy.* Before to effectively transmits, the
nodek receives another copy of the same frame from the ripdeen it behaves as
follows:

« if d¢ < di < dj, the node shall abort its current transmission attempt of the
frame, and renouncing to any future retrials;

« if d¢ < dj < d;, the node shall abort the current transmission attempt, but it
shall immediately triggers a new transmission attempt;

« if dj < d¢ < di, the node shall ignore the transmission from the npde

In other words, when a transmission lead to some benefit mstaf the network
coverage, the surrounding nodes shall abort they atteraptsyerify if they have
the requisites in terms of distance, for participating te successive transmission
attempts. Consequently, every successful transmissidkeia renewalin a Renewal
Process, and thus, the transmission domains are statidalfyical. We note that
differently from the IF protocol, a node could belong to cengive transmission

1asin Chapter 3d; denotes the distance between ittik node and the source.
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domains. This condition is verified when in a transmissiomdim is not selected the
node with the maximum additional coverage (the furtheserfooim the source).

We now provide a more detailed description of the operatiftise SIF protocol,
by considering the first transmission domain for sake of aitya

1. The source sends a new frame.

2. The nodes € {1,N;} with a distanced; << z receive the packet, and consti-
tuted the 1-th transmission domain.

3. Every node in the 1-th transmission domain probabikdiicdecides if trans-
mit, according to its probability thresholg, computed by replacind and pd
in equation (3.3), with respectivelgi andpl, where the latter denotes the local
density of node.

4. The potential forwarders compete for obtaining the cbhancess, by gener-
ating a random slotted waiting tinig,(i) > 0.

5. The waiting time counters are continuously decreasedllilieanodes, until
one of the reaches 0, say tke¢h timer, T, (k) = 0.

6. Thek-th node, the winner of the contention, finally sends the pack

7. The remainind\;-1 nodes decode the packet, reset their timer, and discard th
potentially queued packet.

8. The whole process (from step 1) is restarted at the 2-tisitnégssion domain,
wherein the nod& acts as the source.

In order to employ the silencing technique (steps [4-6B,3ihF protocol shall interact
with the underlying MAC layer, mainly for being able to abpreviously scheduled
packet transmissions. For this reason, while the IF préteaelatively independent
from the underlying layer, the SIF protocol is heavily cagplvith it. We assume of
using the IEEE 802.11p protocol described in Section 2.4nexrticular the DCF
mechanism for accessing the channel. When used coupledthatiEEE 802.11
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protocol, the management of the random wait required at4tegn happen in two
different manners: (i) the random waiting tinig(i) is superimposed on top of the
backoff mechanism of the MAC layer, and managed by the néthayer; (ii) the
waiting time coincides with the random backoff wait of theNI&/CA mechanism.
When adopting the first approach, we denote the protocol as-fyersistent SIF”
(npSIF), since the node send the packet at the MAC layer didy winning the
contention at the network layer. For the opposite reasonjemste the protocol as
persistent SIF’ (pSIF) when it adopts the second approacidisg immediately the
frame at the MAC layer. For sake of simplicity we assume that $lot Time is
the same in both cases and identical to which of the underlyackoff mechanism
(defined asTs ot in Section 1.3). In the pSIF protocaly(i) € [0, CWin], While
in the npSIF protocoll,(i) € [0,CWS'F|, where CW'F is set independently from
CWmin-

6.3 Silencing Irresponsible Forwarding: Analysis

In this section we present an analytical framework for ctiarézing the performance
of the SIF protocol. More precisely the model focus on thesigegnt variant of
SIF. We want obtain a closed-form expression of the prinaipetrics of a multi-
hop broadcast protocols, namely, the reachability, thestrassion efficiency, and
the end-to-end delay. In order to achieve this results,netessary to compute some
auxiliary parameters, such as the probability of succéssftansmission within a
transmission domain, the average delay within a transarissomain, and the ave-
rage number of hops, required for reach the rightmost endeohetwork. Because
of the lack of space, we only present the main ideas behindrtalysis and the more
important results, but we omit most of the details that cafobad in [117].

6.3.1 Theoretical Background

Coherently with the reference scenario described in Se&id, the nodes are posi-
tioned on a line of lengthi,ormz, according to a Poisson distribution with parameter
Ps. Since the transmission domains are homogeneous it isisnffio model a single
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transmission domain for capturing the global behavior efgfotocol. The number of
nodes in a given transmission domain is given by a randorabiaiNp € {0,1,2,...}
with Probability Mass Function (PMRn. (k, psz) = %!(”Sz)k with average value
Np = psz = N,. We denote the position of thenode with the symbol R

According to this (exact) model, the problem of computing sluccessful trans-
mission probability of a transmission domain is quite caemplsince it jointly de-
pends by the number of nodes in a transmission domain, angris by the their
positions, requiring a high number of conditioning, andstbfiintegrations, since the
Poisson distribution can assume infinite values. In ordeedoice the complexity of
the problem, we adopt a strong, but well justified simplifimatbased on an approx-
imated form of the total probability theorem. More precjsele assume that, once
conditioning on having a fixed number of nodes in a transmissiomain (), the
position of thej-th node, withj € {1,2,...,n} is deterministic and coincident with
their average value.

This strong assumption can be motivated by the charadtsrist the Poisson
points process. In fact, it can be shown that, if one gengkaRmisson points condi-
tioning to the fact of lying in a finite interval, as happenghe finite interval|0, Z,
then the marginal PDF of the position of tijp¢h node is the following:

I (Z—rj)nfj r]jil

>

rje(0,z2 j=1,.,n

Rl (rj) = (6.1)

O ny;

otherwise

while, the average position of thjeth node can be expressed as:

i1
=m_ 2on @)tz
R; _/0 r’zn(n—j)!(j—l)!dr’_Jm-l i=1..n (6.2)

From equation (6.2) it emerges clearly that theodes are (jointly) uniformly distri-
buted in the interval0, z.

In order to exploit this characteristic, we partition theelar spacg0,z] in N™
sub-intervals of length. Thus, thei-th interval is defined as k= [(i—,\]%z, Ni,%], =
1,2,...,N"t. The number of the considered interval is a design pararhdeery

2After some numerical test, we observed that the valtle= 100 is a good tradeoff between preci-
sion and computation time.
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sub-interval can contain zero, one, or more nodes, thamitbeaviewed as a vir-
tual node. Consequently, it is possible to associate artrissgon probability to the
generic interval;l defined apg, (i), i = 1,...,N™. Once fixed the number of nodes,
the transmission probability of tHeth interval is given by the sum of the probabi-
lity of retransmission of all nodes within theh interval. Since we are considering
average positions, a node belong to tHk interval if its average position is in that
interval. We define apﬁg(‘)(j) the probability of retransmission of theth node, given
that: (i) there are exactlyn nodes in the interval0, Z; (ii) the node]j is collocated
within the interval J. Using the (approximated) total probability theorgpfi (i) can
be expressed as follows:

Nc
i) = 3 (PE()INE™ = m) P(NE™ = k)
m=1 —
pNBOrm(m,pSZ) , (63)
Ne Kk (m) . .o . i
=3 Y P () F(0,5,m) pypem(mpsz)  i=1,..,N™
m=1j=1

wheref (i, j,m) is an indicator function defined as follows:

- 1 R el
f(l, J,m) = —(m) (64)
0 R™¢l.

The probability p9 (i) is now function of p{i’(j), but the latter can be easily
computed by some combinatorics, since it is relative to ard@histic-like scenario,
with m nodes uniformly positioned ifD, Z|.

In particular, pﬁt';‘)(j) depends on two elements: (i) the probabilfiy, given by
equation (3.3), that the nodewill be designated by the IF procedure; (ii) the proba-
biliy that the j wins the contention among a setrofcontending nodes, denoted with
q™(j).

We now derive the latter by considering a simplified contantinechanism. In
particular, we assume that theh node will successfully conclude the contention,
only and only if is generates the smallest slotted waitimgetl,(j) € [0,CWgg],
while the othem— 1 node generate a strictly grater value. This is an apprdioma
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since the nodg¢ could win the contentions also choosing a valugfj) greater then
the minimum. The probability that the nogl&vins the contention amongnodes can
be express as follows:

1

(M) (i) — qM — _ym1 oym-1
a™(j)=q CWQIF[(CWSW M (CWeip—2)™ 1 41
1 CWsi-1 . (6.5)
= <o im i=12....m
WEr 2

It is straightforward to observe that the equation (6.5his $same for every node
j€{1,2,...,m}.

Finally, after some combinatorics that can be found in [1%@ can express the
transmission probabiliyoﬁt';‘)(j) as:

m
P (1) =Py Y d"pym(n—1), (6.6)
n=1

wherevj(m) € {0,...,m—1} is a discrete random variable defined as:

Vi(m) = {the number of nodes competing with the nedgvenm nodeg .

The PMF ofv,™ is given by:

(m) c < il mo_
i1=1i2=11+1  iy=iy_1+1 se{i,iz,iv} t=1
i1#]  i2#] iv] te{is,iz,....iv}

At this point, by using (6.6) in equation (6.3), it is possild obtain a closed-form
expression opyy (i), that is the probabiliy of successfully transmission ofititerval
Ii-

Now we can observe that sum of all théh successfully transmission probabi-
lity (i € {1,2,...,N"™}) corresponds to the to the success probabiliy of the whole

transmission domain:
Nint

Psucc= Zl p?t?((i)- (6-7)
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Figure 6.1: On the left sidepg, (i) as a function of the interval index; on the right
side, psyccin the first transmission domain. In both caseg,= 60, and 3 values af
are considered, 1, 4, and 10.

We can also observe that (6.7) coincides with the averagdeauai transmissions in
the first transmission domalf[M;], and it is the equivalent of equation (3.6).

In Figure 6.1 we shown, on the left sidef) (i) as a function of the interval index,
obtained withpsz = 60 and 3 values of, namely, 1, 4, and 10. We can observe that
most of the contribution t@s,cccome from the the intervals with the higher indexes
have the major contribute tps,ce On the right side of Figure 6.1 we observe that
Psucc €Xhibits a maximum witlt = 4, while the performance witb= 10 are limited
by the excess of contention, while with= 1 the forwarding mechanism is too feeble.

Finally, we recall that the analytical derivation has bagthier extended in [117],
in order to derive the relevant metrics introduced in Sec8db.1, namely, RE, TE,
and D. Even if we have omitted the analytical details, in Fég6.2 we shown the
behavior of the principal metrics as a functionopind differentosz values, namely,
4,8, 12, 16, and 20 veh, according to the theoretical framlewrom Figure 6.2 it
is possible to draw the following observations:

» There is an optimal value afoffering the maximum value of RE. This value is
a function ofpsz, but for all the considered values, lies in the inteat [3,4].
In particular, the optimal value afis a decreasing function gkz

 Similarly, also the TE exhibits a peaky trend, denoting respnce of optimal
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Figure 6.2: (a) RE, (b) TE, and (c) end-to-end delay, as aitmof ¢, obtained with
the analytical model of the pSIF protocol, with sevepat values, namely, 4, 8, 12,
16, and 20 veh.
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Table 6.1: Main IEEE 802.11p network simulation paramefersSIF.

A {0.1,100} pck/s
Os 0.02 veh/m
z {200,400 600 600, 1000} m
Lnorm 8
Packet Size 300 bytes
Carrier Freq. 5.9 GHz
Data rate 3 Mbps
CWhin 31

values ofc in roughly the same interval € [3,4].

» On the opposite hand, the delay is independent fcpend more surprisingly
it decreases with increasing valuemg.

6.4 SIFinIEEE 802.11p Networks

6.4.1 Simulation Setup

We now investigate the performance of the SIF protocol inBED2.11p networks,
by a comparison with the IF and the flooding protocol. The $&xthon setup was
identical to which adopted for evaluating the performanick-owith a major excep-
tion: the use of the IEEE 802.11p standard instead of the IBEEL1b. Since that the
IEEE 802.11p module in ns-2.34 does not support the EDCA arésim, we have
employed the DCF mechanism, by setting @GW\= 31. The relevant parameters of
the IEEE 802.11p network and of the SIF protocols are ligtéthble 6.1. Both Friis
and Nakagami channel models are used. The parameters ofitegydimi probabi-
lity density function has been previously discussed anchddfin Section 2.3. Due
to the different path-loss attenuation factor used in $aci3, we compare the two
models by imposing the same (average) transmission ramges, The nodes will use
different values of transmit power. Obviously, by considgrthe same level trans-
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mission power the Nakagami will exhibit poorer performamngth respect to the the
deterministic Friis model.

As usual, we consider a linear topology with,m = 8, where the source node
is placed at the leftmost vertex. In each topology the sogererated a finite num-
ber of N, = 1000 packets according to a Poisson process with pararhétimen-
sion: [pck/s]). Each packet a fixed small size PS00 bytes, since alert messages
typically carries a small amount of information. The dati tia set to 3 Mbit/s. Two
values ofA are considered. The firsh, = 0.1 pck/s, leads to a very small traffic
load of only 024 Kbits/s, while the second valug,= 100 pck/s determines a high
traffic load of 240 Kbits/s, roughly one tenth of the thearatiavailable data-rate of
3 Mbit/s.

6.4.2 Performance Analysis

First of all, we want to assess the validity of the theorétfcamework presented
in Section 6.3, with respect to the simulation results. Wlile have presented a
unique framework for both the pSIF and npSIF protocols, thi#ybe separately an-
alyzed here. In Figure 6.3 are shown the RE, and the TE, asctidarof ¢, obtained
with the pSIF and npSIF protocols by settipgz = 12,16,and20 veh. We do not
show the delay, since in the simulations it has denoted timee sanstant behavior
of Figure 6.2 (c). By comparing Figure 6.2 and Figure 6.3 ieagas a clear lack of
agreement between the theoretical and simulative analysgarticular, differently
from Figure 6.2 (a), the RE at low intensity load, is subs#diytindependent from
the value ofpsz, moreover it exhibits a monotonic behavior, without anydevice
of the presence of peaks, and much greater values. This taisimg can be moti-
vated by the assumptions at the basis the theoretical mivdilct, the latter does
not model the backoff-freezing and, it under-estimate theesss probability, since
it does not consider the event in which a node can transmit Evehas not chose
the smaller waiting time. On the other hand, in the case oftiEetis a good match-
ing between simulation and analysis, both in terms of shapeahsolute values. In
fact, in Figure 6.3 (b) all the TE curves exhibit a pealcat 2, furthermore, as in
Figure 6.2 (b), greater values pfz determine better TE values. Unfortunately, the
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Figure 6.3: (a) RE, and (b) TE, as a functioncpbbtained by using the Friis propa-
gation model, with severalsz values, namely, 4, 8, 12, 16, and 20 veh.
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peak of the TE at = 2 is not very useful, since it leads to a too small RE. The max-
imum RE, can be achieved by both pSIF and npSIF by settingsl0. However,

if we compare Figure 6.3 (a) and Figure 6.3 (b), it seems thaghin in terms of
RE, is more significant than the loss in terms of TE which remaood. As a final
remark, we observe that in low-traffic condition, the pSlf &éme npSIF variations
have roughly the same performance, even if npSIF is slightiye efficient.

In Figure 6.4, we compare the performance of several prtdpatcluding, IF,
pSIF, npSIF, and flooding, by considering two different ealofA (0.1 and 100 pck/s),
psz= 20 veh, andt = 5.

Although in low traffic conditions all the protocols achieseRE> 0.95, only
the flooding reaches the maximum value RE=1, thanks to itggeated number of
retransmissions, as proved by the smallest value of TE. ®rahtrary, both pSIF
and npSIM are able to conjugate a high reachability with & lgfficiency, and they
leave behind the FLOOD by a factor 20 in terms of TE. As expktie IF protocol
exhibits an intermediate behavior. In high traffic conditipSIF and npSIF maintains
the leadership both in terms of RE and TE, while the IF and thefhg protocol are
affected by network congestion. Quite surprisingly, thedD denotes a behavior
totally different from the other protocols. In particuldrhas a small but constant
progression, and it is able to overcome the SIF protocolfiénnearby of the 16-
th hop. This strange behavior, was already emphasized méelds double number
of hops for obtains a value of RE greater then the SIF prosodsd emphasized in
Section 2.4, it is mostly due to the interference managemechanism adopted by
the IEEE 802.11p module of ns-2. In order of obtain a greateletstanding of this
phenomenon, in Figure 6.5 we represent D and the averageemahbops (denoted
as H), as a function gbsz. From that figure we appreciate that the number of hops,
and of course the delay, of the flooding protocol explodeh pgt. Despite of this the
flooding protocol is still able a high value of RE. On the opgfmband, we observe
that both the IF and the SIF protocol, show a constant deldyaaquasi-constant
number of hops, still proving the capacity of that protoafiexploiting the vehicular
density, instead of being damaged from it.

Finally, in Figure 6.6 we show the results in terms of RE and diifained using
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Figure 6.4: (a) RE, and (b) TE, as a function of the Hop Indgxoptained by using
the Friis propagation modehsz = 20 veh, andc = 5. Several protocols are consi-
dered, namely, IF, flooding, pSIF, and npSIF, and two difieralues ofA (0.1 and
100 pck/s).
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considered.
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the Nakagami propagation model, after having imposed theeqaverage) values
of transmission range listed in Table 6.1. Hence, in thig ¢he transmit power of
the nodes is generally different from which used in Friisgargation conditions. By
comparing Figure 6.6 with Figure 6.4, one can observe tliférently from one will
expect, the presence of fading does not degrade the perioenindeed, the pres-
ence of Nakagami fading lead to some smaller but significdvéstages to in terms
of RE. This results can be interpreted as follows. Becauskeopresence of fading,
nobody in the transmission range of the transmitter can teeaficorrectly receive the
packet. From a communication point of view represents alenolonly when there
are few nodes in the transmission domain. But in the othess;disis practically im-
possible that all the nodes in a transmission domain expeggesevere fading at the
same time, being the fading realizations uncorrelatedthEemore, in the presence
of fading the effective transmission range is stochastid, fzence there is a non-null
probability of selecting a node, whose distance is gre&tan the average transmis-
sion rangez used in equation 3.3, thus yielding to a broadcast prolakdtjual to
1. Since this event is rare, it does not leads to congestion,on the other hand,
when this event happens, it represents an improvement esihect to th expected
forwarding range of the process.

6.5 Concluding Remarks

In this chapter, we have proposed an improved probabilisiged rebroadcast schemes,
denoted as Silenced Irresponsible Forwarding, based oltheotocol introduced

in Chapter 3. Although the SIF protocol can be implementenvim different ways,

the persistent SIF and the not persistent SIF, these twantarhave led to very
similar performance in the considered scenarios. The Siopols share the same
benefit of IF, namely, the decentralized nature, the lowrey, and the absence of
overhead, but they offers superior performance, both araad (as expected), than

in non-saturated conditions. In this chapter we have alswstthat, by using the
average transmission range of the Nakagami propagatiorlriocequation 3.3, the
IF-derived protocols maintains the same performance lexperience in a deter-
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Figure 6.6: (a) RE, and (b) TE, as a function of the Hop Indi)optained by adopt-
ing the Nakagami propagation modplz = 20 veh, anat = 5. Several protocols are
considered, namely, IF, flooding, pSIF, and npSIF, and tffergint values ofA (0.1
and 100 pck/s).
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ministic propagation channel. For this reason, these potéccan be used either in
presence of deterministic or stochastic propagation ¢iomdi



Chapter 7

Concluding Remarks and Future
Work

In this thesis, we have examined the problem of broadcastfogmation in VANETS
by means of multihop protocols. The principal contributwfrthis work, is the pro-
posal of a family of broadcasting techniques, that can beieiffily employed in
various scenarios, including V2V communications, dataefisination, and data col-
lection applications.

First, we have proposed a new probabilistic-based broddgascheme, denoted
as Irresponsible Forwarding (IF), which takes the statistilistribution of the nodes
into consideration. The idea of this rebroadcast paradigthe following. Once a
node receives a packet, it evaluates the presence of othdmyneodes in an ave-
rage statistical sense. Should there likely be another olmde to itself which can
rebroadcast the packet more efficiently, the former node“iniksponsibly” choose
not to rebroadcast. The main advantages of the IF protodbl mgpect to solutions
present in the literature, are its inherently distributeture, the low-latency, and the
absence of overhead, since auxiliary supporting packetsa@meeded. Furthermore,
since the statical distribution of the nodes is taken intmaant, by the IF protocol, it
works independently from the vehicle density on a network.

The proposed IF protocol has been tested in both V2V and I2viagios. In the



130 Chapter 7. Concluding Remarks and Future Work

former, the IF protocol has been used in safety-relatedgijans (e.g., the dissem-
ination of short alert-messages), with strict reliabibiryd low-latency requirements.
In the latter, IF has been employed in a radically differemtext, which of dis-
seminating information from a fixed Road Side Unit to the ks transiting in its
proximity, by means of multihop broadcast communicationsrder to evaluate the
impact of the mobility, these simulative analysis have beamducted in several ve-
hicular environments, namely, highway and urban roads trdtffic junctions. From
this investigations we have obtained three main resujtth€ivehicles’ mobility does
not affect significantly the performance of the applicagidargeted by our tests; (ii)
the IF protocol is not affected by the presence of severaggdithe wireless channel;
(i) even if characterized by a very-small latency, the IBtpcol cannot guarantee a
satisfactory efficiency and reliability.

On the basis of the scarce performance shown by the IF pidtooealistic sce-
narios, we have presented an improvement of the IF protdcelSilencing Irre-
sponsible Forwarding (SIF) protocol, able to guaranteeeatgr efficiency (e.g., a
smaller number of retransmissions), without penalizirg bachability, and with a
comparable latency. This improvement has been achieveddigiga silencing fea-
ture to the IF protocol. More precisely, the winner of a biggd contention silences
the other contenders, triggering a new contention phaséleV8h- has been a big
step toward optimality, the main problem, which of analgtig derive the optimal
broadcast strategy, is still open. In fact, our attempt ofiating the behavior of an
apparently simple protocol as SIF, is resulted in an apprateéd model, not able to
capture the whole complexity of the system. For this reasofyture research we
will search alternatives method for address this challenge

Finally, we have exploited the probabilistic-concept Ipehthe IF protocol, to
develop a novel decentralized clustering protocol, dehateCluster-Head Election
IF (CHE-IF). This protocol combine the probabilistic nagwf IF, with suitable con-
trol packets, in order to exploit the natural formation ofiemeral vehicle clusters in
VANETs. CHE-IF is a general purpose protocol that can be byatifferent applica-
tions, as a showcase, we have presented a vehicular ddieedtrdetection scheme
for 12V networks. This solution is based on tho distinct gsagthe creation, during a
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downlink phase, of a clustered VANET topology from an Acdesint (AP) through
the CHE-IF protocol. This clustered topology is then exgeldi during an uplink
phase, to collect information from the vehicles and perfdistributed detection.






Appendix A

Average Number of
Retransmissions in the IF Protocol

SinceN; has a Poisson distribution with parametgz, by applying the law of total
probability and observing thd&[M;|N, = 0] = 0, the average number in (3.4) can be
rewritten as follows:

8

EMy = Y E[MyN;=nP{N;=n}

=]
[
!

ZlV"NZ = n] P{N;=n}

EM|N;=n|P{N;=n}

Il
EMs HM8
’SEM=

Ms

g P ZE Vi] (A1)

where, in the passage between the third and fourth lines,awe hsed the fact that
V; is independent oR,.! SinceV; is a Bernoulli random variable, it is immediate to
conclude that

EM) = P{vi = 1)

INote that; is independent afl; since tha™ vehicle is, by its very definition, one of ti vehicles
in (0,z). Therefore, conditioning is superfluous.
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whereP{V; = 1} is the probability of rebroadcasting of vehidleThis probability
depends on the distan€k of this vehicle from the origin. In particular, by definition
it follows that

PIVi=1D =} =e =5
i.e., P{Vi = 1|D; = A} is the probability of rebroadcasting for a vehicle placed at
distanceA € (0,z) from the origin. By applying the total probability theoreone
can conclude that:

z
PVM=1} = /0 P{Vi = 1|Di = A} fp, (A) dA
ps(z—A)

_ /Ozec fo,(A) dA (A.2)

where fp, () is the PDF of the distand®;, a random variable that can be expressed
by:

Di=Y1+Y2+---+Y

whereY; is the distance from thgj — 1)™ vehicle to thej™ vehicle § = 1,...,i). If
{Y;} are independent and identically distributed random véeglith exponential
distribution with mean 1ps, one can conclude th& has an Erlang distribution with
parameters andps, i.e., [118]
_ pse P (pA) Tt

fDifErlang()\) = (i — 1)! U ()\)
whereU (A) is the unit-step function. However, in our scenario we knioyvdefini-
tion, that thei® vehicle is in(0,2). Therefore, the PDF of its distan&® from the
origin can be written as:

fo ()‘) = fDi—ErIang(A ’Di <2z

fDifErIang()\) 0<A<z
Fp,—Erlang(2) o (A.3)

0 otherwise
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whereFp, _Ernang(2) is the cumulative distribution function (CDF) of an ErlanBP
with parameters and ps. In particular, it can be shown that [119]:

Fo, fErIang(Z) = {f Iipf)ZI)

wherey is the lower incomplete gamma function:

X .
y(i,x) £ / tletdt.
0
From (A.3), the PDF oD; can be finally expressed as follows:

_ ps& P (pA)
y(l 9 pSZ)

Substituting the PDF (A.4) into (A.2), one obtains:

foi(A)

U@A)-U@A-2)] (A.4)

2 mzh) Ps€ PN (pA )t
PV =1} = / e e :
=1 0 v(i, ps2)
P psz
pse” /Zepsﬂiwild/\. (A.5)
y(i,ps2) Jo

At this point, the final integral expression in (A.5) can baleated distinguishing
between the cases with= 1 andc > 1, respectively.

e If c=1, (A.5) reduces to the following:

11 pse P /.Z =14y (ps2)'e P
PM=U= Vi o T iyien (A9)

Since it can be shown, through integration by parts, that

: . X
yi,x)=(i—1)!|1-e J;F

the final expression (A.6) can be rewritten as follows:

(ps2)' e P+

i! {1— e—PsZZij;lo (p?!z)ll .

P{Vi=1} = (A.7)
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* If c> 1, considering = ps(1— (—1:))\, one obtains:

ple T 1
P{Vi=1} = = . .
=4 V(i,ps2) pL(1— )

/pSZ( ) 7tt| ldt
0

\

(A.8)
wherep} = ps(1-1).

Finally, using expressions (A.7) and (A.8), in the casehwit= 1 andc > 1, re-
spectively, forE[Vi] = P{V; = 1} into (A.1), the average number of vehicles which
rebroadcast in0, z) can be expressed as follows:

e psz n (p Z)ie*PSZ
Zn— n! Zizl > i

.;

1-e sy} <PSZ
if c=

E[M,]

S, BEEE 50 (&) e

c
1 (p&Z
.] e pszzlj L (st!)
i— J
1 e—pszzlj Z(L)(PT!Z)

ifc>1

which corresponds to (3.5).

If ¢>> 1, it follows thatp. ~ ps and, from (A.8) (second lineR{V; = 1} can be
approximated as

P{Vi=1} ~e % (A.9)
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where we have used also the fact tfw{c— 1)]' ~ 1. Substituting (A.9) into (A.1),
it can be easily shown that the average number of vehicleshwibroadcast if0, 2)
is approximated by the following simple expression:

E[My] ~ psze & (A.10)

which corresponds to (3.6).

If, besides the fact that>> 1, it also holds that > psz, then from (3.6) it follows
thatE[M;] ~ psz, i.e., the average number of vehicles which rebroadcad, ) is
equalto the average number of vehicles(d z). In other wordspn averageall vehi-
cles in(0,z) rebroadcast. This is intuitive, since for> max{1, psz} the probability
of retransmission is approximately equal to 1 for each \ehit(0, z).
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