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Abstract

Vehicular Ad hoc NETworks (VANETS), an emerging technology, uskicles as nodes to
form a mobile ad hoc network for the dissemination of safety and entertainmessages. The
thesis provides a scheme for the fast propagation of messages in VAl Tevaluates the

impact of vehicles as obstacles on signal propagation.

An improved scheme for intermediate node selection in DBA-MAC (Dynamic Bawc& As-
sisted MAC) is proposed, which consists of a CW (Contention Window) tcaing scheme
and an updated criterion of suitability. A performance comparison showstssages in the
proposed scheme propagate faster than in DBA-MAC. The CW consselieime is also ap-
plicable in VANET protocols which adapt the CW mechanism to communicate thé#ityta
of vehicles for acting as intermediate nodes. Additionally, the mathematical nfod®8A-
MAC and the proposal are established, which indicate the probability didates to be chosen

over alternatives in the intermediate node selection.

A novel metric - delay taking into account the effect of formation time(DEFB) proposed.
DEFT combines the network formation time and propagation delay. It showisnihect of

network formation on propagation latency. The configuration for optimedbpmaance can
be acquired using the proposed DEFT. In order to evaluate the ptspaszovel distribution
of vehicle location is proposed. In the proposed distribution, the secustsimtes between
adjacent vehicles in the same lane are considered. The estimation of vdbizddien can be

more practical and accurate using the proposed distribution.

In the wide body of the VANET literature, it is assumed that all the vehicles witigrradio
range of a transmitter are able to receive the signal. Yet, in practice, tidegehs obstacles
between the transmitter and the receiver affect the signal propagatioficsigtly. This thesis
presents the impact of these obstacles on the network connectivity aechgysrformance of
the protocols. The results and the analysis show that neglecting obstaplegiice leads to
a significant degree of error in the estimation of system performanceattige, tall vehicles
forward messages in a more efficient way than do lower vehicles sincatbdyee from the
obstacle effect. An improved scheme is proposed, in which the heighhafles is used as a

factor to determine their suitability for message forwarding.
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Chapter 1
Introduction

1.1 VANET

Vehicular Ad hoc NETworks (VANETSs), a special type of Mobile Ad hod&Nvorks
(MANETS), encompass vehicular communication. Differently to cellular neka;o0/ANETS
conduct communication with no help from traditional infrastructure. VANETes categorised
into two basic types; vehicle-to-roadside-infrastructure (V2X) andicletto-vehicle (V2V). A
V2X network provides the vehicles, which are connected to roadsidesinéicture, e.g. traffic
lights and road lights, with access to the Internet, while in V2V operation thielestorganise

the network and share information with no central control.

According to the type of information provided [3, 4], VANET applications divided into two
types: safety and infotainment. Safety applications include information dictcainditions,
e.g. traffic collisions, congestion, emergency vehicle warnings, ovedalehicle warnings,
lane changing assistance or pre-accident warnings. Safety applgafiofANETSs inform
drivers of any change in traffic conditions and take corresponditigrec Infotainment, the
portmanteau word of information and entertainment, provides drivers witliddmased ser-
vices, e.g. points of interest notification, and media downloading, informakiaring among

vehicles and Internet access.

The US Federal Communications Commission (FCC) allocates the 75 MHz gpdctithe
5.9 GHz band exclusively to vehicular applications and research in the@ed Short Range
Communication (DSRC) was launched in 1992 [5]. Since 2004, the foctesefrch on ve-
hicular network has migrated to the auspices of the IEEE standard geER 802.11p is the
amendment to the 802.11 standard on data links and physical layers iculaglenvironments,
the latest version of which was released in 2010 [6]. IEEE Task gr60p tindertook the work
of developing specifications for vehicular networks at the application etwlank layers, and
establishing the IEEE 1609 standards set [7].
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1.2 Thesis Organisation and Contribution

This thesis investigates the fast propagation of messages in VANETsd Base cross layer
protocol Dynamic Backbone-Assisted MAC (DBA-MAC) [16], an imprdvecheme is pro-
posed to achieve better performance of propagation. In addition, the tirapaehicles on

signal propagation, on network connectivity and system performaratsdstudied.

Chapter 2 introduces the background knowledge of the thesis. Thesslisouncludes the fea-
tures of VANETSs which distinguish VANETSs from MANETS, IEEE 802.11p, the dedicated
protocols for vehicular networks, a summary of routing protocols in VABENnd the factors

related to network connectivity.

Chapter 3 introduces a cross-layer protocol, DBA-MAC, which workbdth proactive and
reactive modes. Analysis shows its potential to enhance system perfatinaeoms of propa-
gation delay and the number of vehicles involved in DBA-MAC communicatioiseBan the
analysis, an improved scheme is proposed, the Contention Window Conhatrdiinimum
Distance as criterion of intermediate node selection (CWCMD). The CWCMiEagts a novel
criterion for intermediate node selection and a contention window (CW) @insscheme. The
CWCMD is also applicable to other VANET protocols that adapt the CW mechmattgis-
tinguish between vehicles [57,81]. The CWCMD is shown to improve upoA-DMAC and

flooding and provides faster propagation.

In Chapter 4, the mathematical models of DBA-MAC and the CWCMD are establishsed
on statistical analysis. The models are used to predict and estimate the sgstemance of
intermediate node selection which is the key factor in propagation perfoenasevell as key
to validating the simulation results. For the proactive protocols, commonly+usédkcs, i.e.
delay and overhead/formation time, show the network performance of dethpetwork for-
mation time separately. A novel metric for proactive protocols is propodee pfoposed Delay
taking into account the Effect of Formation Time (DEFT) combines the impawtfork for-
mation on propagation and propagation delay. By adjusting the CW-relatachegers, the

optimal performance of a system, in terms of the DEFT, can be achieved.

Vehicles between the transmitting vehicle and the receiver may block the linghtf(EOS)
and attenuate the signal strength. In Chapter 5, the obstacle effeeddayisuch vehicles

is analysed, with the impact on network connectivity and system perfoenainioBA-MAC
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and the CWCMD. Analysis and simulation results show that vehicles betweératismnitter
and receiver affect signal propagation significantly and the perfocettend, e.g. propagation
delay, with vehicle density is opposite to the ideal case. Additionally, in existirmatites the
vehicles on the road are assumed to be following a Poisson distributiongrydagon results
indicate that the existence of a security distance between adjacent vehithessame lane
leads to variation in location distribution. A novel distribution of vehicles is psggl in this

chapter, which incorporates the security distance.

The contributions of this thesis are listed below:

1) An improved propagation scheme for fast propagation of messagesSNEWs, based on
DBA-MAC, is proposed. The CW constraint scheme and novel criterforelay selection
improve system performance in terms of propagation delay and averagentssion time for
each message;

2) The mathematical models are established, for both DBA-MAC and the CW{tbhbstatis-
tical analysis. The models provide a tool to predict, estimate and validate sgstéonmance
from simulation;

3) A novel metric for proactive protocols in VANETS, the DEFT, is progabis

4) A distance distribution among vehicles is proposed, in which a securityndesta retained
between adjacent vehicles in the same lane. The proposed model prawbes practical dis-
tribution than the Poisson distribution, the widely adopted distribution in the existimgtiite.
5) The impact of obstacles caused by the vehicles between transmitteicaivéren network
connectivity and system performance, e.g. delay, is presented anddbssity of considering
obstacles in estimation of system performance in VANETSs is also demonstrated;

6) An improved propagation scheme incorporating vehicles’ height in thes&ttion is pro-
posed. The scheme is based on the proposal, the CWCMD, proposedtimetfiss The con-

sideration of vehicles’ height is to deal with the obstacle effect in pradtiatiic.



Chapter 2
Background

2.1 Features of VANETS

VANETs are a subset of mobile ad hoc networks (MANETS). They diffem MANETS
as the nodes are vehicles, subject to current traffic conditions. Ttiebitethe following

features [8, 9]:

1) High dynamic and frequent disconnection: due to the high speed movefmedes (vehi-
cles) in VANETSs, compared with nodes in MANETS, the duration time of conmecould be
shorter than that in MANETS, which leads to more frequent breakageksftitan in MANETS.
Typically, the radio range is assumed to be 240m, which is the configuration ithésis, and
the gap in speed between two vehicles moving in the same direction is 10 mph Qexgph5
and 60 mph, so the maximum connection time is approximately 107 s if the fastelevishic
catching up the other one from the very beginning. If they are moving inghesite direction,
the maximum connection time is less than 10 s. While for a relatively low-speedBTA8Lg.
1 m/s between two nodes, the connection duration could be as long as 480cximately 4
times 109 s. Frequent disconnection of links in VANETS also leads to thadréghange of
network topology. Frequent disconnection is an important factor in thgmes$ protocols for
VANETS.

2) Density variation: due to the mobility of VANETS, the density of vehicles wawéh road
condition and time. Traffic jams and accidents, especially in rush hours ekdags, make the
road congested to varying degrees. Vehicles may accumulate nearlighfficeven in sparse
traffic conditions. Usually in an urban scenario, vehicle density is higlaer &m a highway or
rural scenario. Congestion in rush hours reduces highway effigigatdrivers can experience
a relatively comfortable driving experience at other times of the daycesdfyeat night when
vehicles are sparse on the road. The vehicle density is related to the ketvrectivity of
VANETs and may make an impact on the performance of communication schetieated
for VANETS.
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3) Regular trace: in MANETS, nodes can move in any direction along aguilaetrace. While
in VANETSs due to the confines of the roads, buildings and bridges, thedraicthe nodes
are regular, i.e., along the road. In addition, it is observed that the gfeedehicle may be
influenced by other vehicles on the road, especially in dense traffictefine, the traces of
nodes in VANETSs are not completely independent. The traces of nodedbenpsedictable

from the road maps and traffic conditions.

4) Power consumption of VANETSs: in MANETS, power consumption is a ctymablem,
since the carrier is usually a small device and the battery capacity for tsersisnimited.
While in VANETS, network power is supplied by an on-board source, i.e.véhicle battery
which provides enough energy for the VANETs sensors, and poasunption is not an

important problem.

5) Varying environment for communication: the impact of environment on thRBT sys-
tem changes with the type of environment. Typically, two types of environarentonsidered
in the application of VANETS, i.e., an urban scenario and a highway onéhelmrban sce-
nario, the vehicles move slower with more complicated traffic patterns, dueffic tights
and congestion. The buildings and traffic lights provide the potential fdd&/As to form a
vehicle-to-infrastructure network, as well as block radio propagatiothd highway scenario
however, conditions are simpler, i.e., faster speed, mainly straight pahsnterference from
roadside units. Due to the lack of roadside infrastructure, the communidetaeen vehicles

is mainly in the form of vehicle-to-vehicle.

2.2 |EEE 802.11p

IEEE 802.11p..k.a. Wireless Access for the Vehicular Environment (WAVE), is the com-
munication protocol dedicated to Intelligent Transportation Systems (IT&) application of
WAVE in ITS includes the data exchange between vehicles on the move (af2¥petween
vehicles and roadside units (V2X) in the frequency band 5.9 GHz, licemg¢éhe US Federal
Communications Commission (FCC) and European Telecommunications Stahusirige
(ETSI). As an enhancement to IEEE 802.11 protocols, 802.11p hasskeedardised and the

latest amendment version was released in 2010 [6].

The US Federal Communications Commission (FCC) and European TelecoratumsStan-
dards Institute (ETSI) allocated 75 MHz and 30 MHz of spectrum in the 5.9 fBHDSRC,
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respectively. The channel for DSRC consists of seven sub-clsawite one control channel

and six service channels.

Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I) applicas adopting DSRC can
potentially reduce the possibility of traffic accidents by informing driverthefreal time traffic
conditions. In addition, non-safety applications can also be provided S8R@Mtechnology.
Safety applications have higher priority than non-safety applicationghanefore they are the

focus of vehicle technologies, aimed at saving lives by preventing atdside

2.2.1 WAVE

2.2.1.1 Basic Service Set (BSS) and Basic Service Set IDentificatiorS@&D)

Two types of BSS [5], Infrastructured BSS and Independent BBSY), are defined in IEEE
802.11. Ininfrastructured BSS, a hub, called an Access Point (A89t fer a group of stations.
Through the AP, the stations in the group are able to connect to each otthercaess the
source and services of the AP. To form the group, i.e. BSS, the ARItasts beacons. A radio
registers for the group after several exchanges with the AP, e.g.raigtteon and association.
The radios that do not participate in this are excluded from the groupB®%) no AP is

appointed from the stations in the group, and the stations in the group comueiniea ad

hoc manner. Different BSSs are connected to form an Extended 8&8&tqESS).

A BSS is also known as a Service Set IDentification (SSID) and a Basuic8e3et IDentifi-
cation (BSSID). The SSID is the name of the BSS which is identified by the statiom field
being between 0 and 32 Bytes. The BSSID is the name of the BSS at the MACdagt is
48-bits long. The stations in a BSS share the same, unique BSSID which is sirapi§AC
address of the AP.

Figure 2.1 presents the data frame of IEEE 802.11. The frame starts withnae Reontrol
(FC), indicating the type of the frame. DUR shows the duration of the fram oserhead
beyond physical transmission time if possible. The Frame Check Sequebsgg field is used
to detect errors during transmission. Sequence control (SEQ) inditetegquence number
of each frame and fragmented frame. As is shown in Figure 2.1, at mosirdszdfields are
contained in one IEEE 802.11 data frame, which stores the source a8} destination
address (DA), transmitting station address (TA), and receiving statiaessl(RA) or BSSID.
The type of address in each field is determined by the bits in the Frame Cdr@plwhich
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indicate 'To DS’ and 'From DS’.

FC |DUR |ADD,|ADD,| ADD;SEQ|ADD4| DATA | FCS

Figure 2.1: Data frame in IEEE 802.11

To detect whether a frame received is from the same BSS, the MAC leaedtafion checks the
Address 1 field after receiving the frame. The comparison between dnessdn Address 1 and
BSSID of the station tells it whether the frame is from the same BSS or not. Thisamism

selects the frames of the same BSS among all the frames received.

2.2.1.2 BSS and BSSID in WAVE

The dynamic character of VANETs makes the access scheme in IEEE 8effidely ineffi-
cient. Imagine a case where two vehicles are approaching each otimeofmosite directions
in the different lanes. Due to the joint effects of the transmission rangdrefess devices
and the speed limit, the connection time can be in the order of seconds, whilE M\ quire
immediate communication between vehicles, especially with regard to safety dippkca he
interactive steps as well as handshakes in group formation in IEEE 86&anlfie a barrier to

meeting the requirement of VANETS [5].

A BSS in avehicular environmentis modified by the WAVE standard, i.e., WASS BNVBSS).
The on-demand beacon is broadcast by a station to create a WBSS. adon lnentains the
information about the transmitter, e.g. service offered and configuratighé receiver to join.
The receivers can decide whether or not to join in the WBSS based solehedeacon re-
ceived, without complex exchanges when the transmitter and receévendhe same channel.
The cancellation of interactions during network formation reduces théneadrof WBSS in
fast movement environments. It is noted that a station belongs to a uniqué&\ASit does
not search the network to join another WBSS. Upon the establishment of &Y¢B&ry station
in the WBSS, including the initial one broadcasting the beacon, has eqtue atad therefore

the WBSS continues to work even if the initial station quits the network.

A special BSSID is defined in IEEE 802.11, the wildcard BSSID, the bitsto€lware all set
to 1. IEEE 802.11p defines a WAVE mode, in which stations (vehicular Nad&\NETSs are
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able to communicate by transmitting and receiving data frames with the wildcartDB8S
WAVE mode, any station, no matter whether it is in a WBSS or not, is still able todbesd
or receive the message with a wildcard BSSID from nearby stations. Thdemnthe safety

messages in VANETS to propagate in an efficient manner.

2.2.2 Carrier Sense Multiple Access/Collision Avoidance (EMA/CA)

IEEE 802.11p adopts the identical medium access scheme in IEEE 802.W1/CS [11].
CSMA/CA allows the stations to share the same channel in an efficient mareesummary
of CSMA/CA is listed as follows:

1) the station with a frame to be transmitted senses the channel prior to transmissio

2) if the channel is idle, the frame is ready to be transmitted;

3) if the channel is busy, the station sets up a countdown step waiting for thetadils of the
channel. The waiting time before transmission, i.e. backoff, is determinedehmiitiplica-
tion of a randomly-selected number and the duration of the time slot. The coumtnkgins as
the channel is idle and pauses as the channel is busy again. When tineldsddle and the
countdown reduces to zero, the frame is to be transmitted;

4) before the frame is transmitted, the station sends a Request-To-Se®)do@ket and the in-
tended receiver responds to the station with a Clear-To-Send (CTi&tpasich informs other
stations in the same channel that a station is ready to send a frame and thel tdlsmomes
busy immediately. Application of RTS/CTS avoids possible collisions and partiaiNes the
hidden-terminal problem;

5) Upon the completion of reception, the receiver sends an acknowm{&@i€) packet to the
transmitter to inform it that the frame has been successfully received,;

6) if the transmitter fails to receive an ACK after transmitting the frame, a restnéssion is

executed after a random backoff time.

2.2.3 Distributed Coordination Function (DCF)

DCF, based on the CSMA/MA MAC protocol, is a basic method of randomsacicel EEE
802.11 [12]. The stations (STAs) in DCF are able to sense whether thaelha idle or busy,
i.e., whether the signal strength received from the channel exceetiselbold of the receiver

or not.
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Before a message is to be transmitted by an STA, the STA first checks thedftéte channel
for a period of Distributed InterFrame Space (DIFS). If the channellésfit the period of
DIFS, the STA starts transmission. Once the channel is busy, eithereb@fB6 or during

DIFS, the STA defers the transmission, checks the channel continuanglyaits until the
ongoing communication in the channel ends. STA starts transmission onlyttegtehannel
remains idle for a period of DIFS. In this case, the STA generates a mamditing time

before transmission. The waiting procedure proceeds to the end anithéh8MA transmits the
message if the channel remains idle. Otherwise, as the channel turnytehsuSTA pauses

its waiting procedure, and resumes after the channel is released.

DCF adopts the Binary Exponential Backoff (BEB) scheme to decide thtenggéime prior to
transmission. The product of a randomly-selected value from@it6;, CW’, and slot time is

used as the waiting time, or backoff tirig, 1.,
Tbackoﬂ = Tsiot - CW; (21)

CW ;, the maximum value of contention window of STAis initially set asCW ,,.;,, as spec-
ified in IEEE 802.11 and depends upon the number of unsuccessfsittission attempts;,

CW; = (CWpin +1) - 2k=1 _ 1. Every time a transmission fails, e.g. due to collision at
the receiversk and CW; increment till the maximum value @'W, CW ,,..... When reaching

CW nqae @nd collision at receivers occurs again, SiTfestarts backoff time from the initial
value, CW ,,;». The backoff time in transmission reduces the possibility of collision caused
by the STAs transmitting messages simultaneously, especially at the higherovaltié’ ;.

Avoidance of collision, however, is at the cost of greater waiting time leafansmission.

The STA first transmits a Request-to-Send (RTS) packet to the destingimnaccupying
the channel. The destination responds to the transmitting STA with a Cleantb{S4S)
packet. Then the STA begins to transmit the data message before the destieglies with
an acknowledge (ACK) message to confirm that the message from the SSkedsssfully
received. After sending the ACK, the destination forwards the messalge dhannel is idle;

otherwise, the destination keeps listening to the channel until it is idle.

Note that after the STA occupies the channel and exchanges messtydsvdestination, a
Short InterFrame Space (SIFS) is adopted before the responsthdfdomsmitter and receiver,
as is shown in Figure 2.2. SIFS is shorter than DIFS, which avoids the §%#s in DIFS
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from identifying the channel as idle and contending for the channel inghegof the SIFS.
SIFS is used for the highest priority transmission and is the shortest timentl&attaswitches

to receive/transmit mode.

DIFS SIFS | pATA
STA: Tx —P RTS .
N _ SIFS | , -
SIFS | e ACK
STA: Rx 22, CTS R
NAV DIFS
Other STAs M il .

Figure 2.2: DCF access mechanism [1]

In addition, the Network Allocation Vector (NAV) is used in DCF. The MAC lajiame con-
tains the Duration field indicating the time the ongoing transmission of STA will octiupy
channel. The Duration field in the MAC layer frame is set as the NAV by otfids3rying to
accessing the channel in the network, who then sleep for the indicated time MAG layer
frame to avoid sensing the channel. This virtual carrier sensing mechahiSAV limits the
power used by STAs to sense the channel. The NAV is updated every tingI#eereceive
a MAC frame in which the During field exceeds the current ending time of NAllerwise,
the NAV remains the current ending time and continues counting down. WheéwA¥ counts

down to zero, the STA starts to sense the channel, checking whether it @ raibé.

2.3 Routing protocols in VANETS

The similarity between MANETs and VANETS enables protocols in MANETS tefydied in
VANETS. Yet, performance of these protocols can be affected, duetie#tures listed in the
previous section which distinguish VANETs from MANETS. Reliability and 8iybare the
key factors to be considered in protocol design of VANETSs due to theianhc property and
frequent disconnection. For safety applications, which require &isiedy of messages, propa-
gation latency is an important factor that needs to be considered in pro&sigh. The routing
protocols in VANETSs can be categorised into several types [8]: bemtdouting, position-

based routing (geographic routing), cluster-based routing, geamdsig, and topology-based

10
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routing. Notice that in the current literature, the features and the ademntdglifferent types
of protocols are often combined in one protocol to deal with network mobiligy,tee combi-

nation of position-based routing and broadcast routing or a topologgeharotocol.

2.3.1 Broadcasting protocols

Flooding broadcast is a simple and straightforward method of messagenitiaien. In a
flooding scheme, every node receiving the message forwards thegaed&, the problems
caused by flooding, e.g. waste of bandwidth and frequent collisionse iha inefficient
method especially in the case of a dense network. Broadcast storm in MalEquanti-
fied [13], which indicates that in the flooding scheme, with the increaselotleedensity, the
transmission performance is significantly affected, in terms of the numbepsf, total delay

and packet loss ratio.

Selective forwarding schemes are used to improve the performanceflofddimg scheme [13].
In weightedp-persistence broadcasting, if a message is received for the first timectieer
forwards the message with a specific probabilitywhich is the ratio of the distance between
the transmitter and the receiver to the transmission range. That is, ther feetizévers to
the transmitter forward the message with higher probability. In addition, slbtfersistence
broadcasting permits the receiver to forward the message with probdhitithe pre-assigned
time slot. The assigned time slot relates to the one-hop delay, total number of timarstb
the distance from the transmitter to the receiver. In slopt@ersistence broadcast, the hybrid
scheme, the receivers forward the message in a pre-assigned time slatspénhific probabil-
ity. Both the assigned time slot and the probability relate to the distance from tisenitéer to
the receiver. Broadcast redundancy and packet loss ratio areaedby up to 70% compared

to flooding and the propagation latency is still at acceptable levels.

The properties of urban traffic are analysed and compared with the &ygheenario [14],
and Urban Vehicular Broadcast protocol (UV-Cast) is proposedreStarry-Forward (SCF)
scheme is adopted in UV-Cast. Region of interest (ROI) in the highwayasods usually uni-
directional along the road while in an urban scenario ROI is multi-directionagréffore, the
broadcast scheme for the highway needs to be modified from the onechippie urban case.
More than one vehicle is selected as the relay for SCF in the urban case osia relay may
fail to propagate the messages in all directions considering the directionwamnemt of the

relay. A relay for SCF forwards the message more than once to infornegiidssible vehicles

11
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in the ROI. Experiments in an urban scenario show excellent perfornudngé-Case in terms

of reachability and network overhead.

A Border node-Based Routing (BBR) protocol is proposed for a pgrt@nnected net-
work [15], e.g. VANETs in a rural area. The border node is defiretha node with minimum
common neighbour nodes with the transmitter, which is the furthest node fetratismitter
within the transmission range. As is shown in figure 2.3, the common neighbetgen
vehicleTz and1 are vehicle4 and5. While for vehicle2, 3, 4 and5, the number of com-
mon vehicles with vehicl&@'z is 3 or more. Therefore, vehicleis the border node. In BBR,
the beacon message is sent out by the network layer of the nodes to claiextsnce and
one-hop neighbour information is collected, since it is assumed that the logaftiomation is
unavailable for the vehicles. As the transmitter broadcasts a messagerdie tade of the
transmitter forwards the message in a flooding way. Simulation indicates thak g difet
delivery ratio can be achieved in a highly partitioned network, e.g. a natalork, by using a
limited flooding scheme, e.g. BBR, although flooding schemes cause proldsuttémg in low

delivery ratio in dense networks.

Movement direction

Transmission range

Figure 2.3: lllustration of border node
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Broadcasting protocols are a simple and straightforward method of mgasg@eation in ve-
hicular environments but the issues, e.g. broadcast storm, can lead tffitdsney of message

propagation in dense traffic.

2.3.2 Cluster-based Protocols

In cluster-based protocols, a virtual chain of networks is created fesage propagation, un-
like the flooding scheme adopted in IEEE 802.11, in which every node is iestatvorwarding
messages. The vehicles are grouped geographically as clusterszd béthe cluster depends
on the radio range of wireless devices adopted in the network. The dhestd(CH) is selected
in each cluster and it takes charge of inter-cluster communication. Clusterengpdmmuni-
cate directly with members in the same cluster and via CHs with vehicles in othersluste

stable and reliable communication between CHs affects the system perfeimanc

In a cross layer protocol for alert message propagation in VANETE ptédefined backbone
members (BM) are selected to forward messages prior to the propagakimh, i named as
DBA-MAC, Dynamic Backbone Assistance MAC. Once a vehicle has rzgived any mes-
sages from nearby BMs for a specific period, it upgrades itself as aBMroadcasts a beacon
to create a BM network. The vehicles receiving a beacon, which theonieBM candidates,
start a contention to be the next BM. The suitability as a BM is measured byl#iigealistance
between the BM candidates and the BM at the end of the predefined pirgoone with the
longest distance winning contention with the highest probability. During ngegs@pagation,
only BMs forward messages from the preceding BM. Once a BM fails twdot a message all
the other vehicles start contention to forward the message. A schemdiné@ame message
propagation [57, 81] is similar to DBA-MAC [16]. Each time a message is to estnéted,
a beacon is broadcast to start a contention. The suitability of the vehicleteisrined by the
relative distance, similar to the BM selection scheme [16]. The propagati@meefor online
game messages [57, 81] is the basis for the on-demand part and the Bhibsgbart of DBA-
MAC [16]. The difference between on-line game message propagatibBDBA-MAC lies in
the fact that in DBA-MAC it is assumed that every vehicle has a constdit range and this
assumption in the former scheme has been relaxed. And the ratio of relataead to Tx and

the unique radio range of Tx is used to calculate the suitability of candidates.

The Affinity Propagation algorithm is adopted to select CH in a distributed nmgreréodi-

cally [17]. Considering node location and mobility, similarity function betweedesowithin
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mutual radio range is built, which is related to the sum of negative Euclidetandesbetween
two nodes now and in the future. In order to achieve a stable CH link, thpopeal protocol
is able to group vehicles into clusters which minimise relative mobility between Céishan
distance between CHs and cluster members. To deal with the situation whergesHon-
nection, a scheme whereby more than one CH is used to forward messagesosed [18].
The network formation procedure is divided into two phases, a setuj pimasa maintenance
phase. In the setup phase a normal node claims to be a CH if it does nukraog messages
from nearby CHs. CHs broadcast beacons to create a CH netwatthe aintenance phase,
a secondary CH (SCH) is selected. A weighted sum of speed diffeesmitkocation distance
between CH and any cluster member can be acquired and the member with the minimum s
is selected as the SCH. If the CH leaves the cluster network, the SCH wederteessage

propagation and upgrades itself to the CH of the cluster.

The cluster-based protocols disseminate messages through a CH, whicag¢he contention,

collision and thus energy consumption of vehicles in message propagation.

2.3.3 Ad hoc (Topology-based) Routing Protocols

Ad hoc routing protocols in MANETS, e.g. Ad hoc On-Demand Vector (AQDR¥id Dy-
namic Source Routing (DSR), are also applicable in VANETs. These mistot MANETS
are designed for relatively stable networks and the performance is samilfi affected by the
dynamic character of VANETS. In the literatures [19-22], it is assumettiieavehicles are
equipped with GPS devices which provide the location and speed of thdesebi@ctly.

Traffic information is the key factor in the improvement of routing protocol&tvlvere orig-
inally designed for MANETS, especially AODV. In AODV [19], the soutmeadcasts a route
request (RREQ) before a message is transmitted. A nearby node egthends with a route
reply (RREP) if it stores a route to the destination, or it rebroadcasts tieEQRR/hen the
destination receives the RREQ, it replies with a RREP and the RREP is pitepdeack to the
source. The message transmission starts as soon as the RREP is ref&aVRREP with a
smaller hopcount to the destination is received, the source updates thanoladopts the new
route for message propagation. In the event of link failure, the upstnea® of the breakage
reports to the source, and the source re-initiates finding a route if regeBAODV [20] im-
proves AODV by including mobility information in route selection. It is assumed ¢vary

vehicle in a network is equipped with Global Positioning System (GPS) and thiityofor-
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mation, i.e. direction and location, is provided by GPS. During route disgptres direction
of candidates needs to be checked. Only candidates moving in the santionlisedhe source
and/or destination are considered to be potential candidates. Furtheamameg the potential
candidates, the ones in between the source and the destination are theestp cespond to
the source. If no potential candidate is found between them, all the poteanididates respond
to the source to build the route. The model is applicable to the case of trabeihtthe same

and opposite directions.

As well as direction of motion, the speed of nodes can be considered ir#se pf route
discovery to reduce overhead [21]. The candidates with similar speesllitng in the same
direction as the source/previous relay in the route are marked with smaller &ighty the
index which indicates the similarity of speed between candidates and sofrogaximum
number of routespumbery,unqg, are defined and only up teumbery,,,q candidates with
smallest link weight are able to respond to the source/previous relayfdrerthe number of
routes and overhead of route discovery is limited. Furthermore, to seteliable and stable
route, the link and route expiration time are estimated. During route discaherlink time
for each pair of adjacent relays is estimated based on the transmissierarahgglative speed.
The route expiration time is the minimum link time of all the relay pairs in the route. The link
and route expiration time are stored in the RREP back to the source and thevittulongest

expiration time is chosen for message broadcast.

To reduce the overhead of route establishment, Prior AODV (PAODV) iRproposed by
limiting the number of routes and number of candidates for the routes. Befaie discovery,
an upper bound of the number of routes is set to limit the number of routeglagawthe
number of candidates responding to the source. Limiting the number ofn@spminimises
the overhead of route discovery. In addition, the source filters categdidpatially. Routes that
include the candidates lying within a short distance from the transmitter as imtiateneodes,
if selected, are likely to lead to longer routes and result in low efficiency tmerdiscovery
and message forwarding. The protocol defines an exclusion regianéthe transmitter, such
that nodes within this region are not selected for routing. Only candidats&le the specific
distance, but within the transmission range are able to act as a relay in tee @ambining
the two selection schemes, fewer routes are selected and the distancerbatijezent relays
in the routes are larger on average than the one in AODV and performateensa of route

length and overhead is improved.
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2.3.4 Position based protocols

Route map and Global Positioning System (GPS) provide location of vehic\sNETs. To
transmit the message from the source to the destination, location informatidre azsed to
find a route from the source to the destination for message propagatiot@kd@ccount of
network mobility of VANETS, the traffic information is often used to predict theakion of

potential relays for the stability of the route.

Greedy Perimeter Stateless Routing (GPSR) [23] is one of the most famaitisrpbased
protocols. It is assumed that the position of every node and the destinatioa metwork is
known by others. As a message is generated to be transmitted, the transnitex fiode

closest to the destination to forward the message.

If the transmitter fails to find the greedy path, the packet is forwarded impégr mode, in
which it traverses along the closer faces of a planar graph of the retmvturn, and the greedy
forwarding restarts if a node closer to the destination than the curremt isodund. This
procedure ceases when a node closer to the destination is found ance¢ldy éprwarding
procedure continues. GPSR was designed for MANETs and in VANERastto deal with
network mobility. To enable GPSR to be efficient in VANETS, the future locatiovehicles
can be considered with GPSR [24, 25]. Once a node is about to transnssagee it estimates
the geographic location of each neighbour after a specific filnkased on current velocity,
current location and direction of movement. The vehicles outside the comrtianicange
afterT" are excluded from the possible intermediate nodes. Among the remaining, ribde

one closest to the destination implements forwarding the message.

Smart Broadcast (SB) protocol is proposed [26], in which the locatfgootential interme-
diate nodes determines the priority of vehicles to forward the messagereBefoessage is
transmitted, a Request-to-send (RTS) packet is broadcast by the transmftted the relay
nodes. To determine the relay node, all the nodes receiving the RT & $stackoff procedure
and the waiting time is related to the distance from the node to the transmitter. Téragev
of the transmitter is divided into sectors and each sector shares the saya@fdackoff time.
The nodes with longer distances to the transmitter finish backoff prior to e with shorter
distances. The winner in this contention procedure responds with a {0ksanadcast (CTB)
packet to the transmitter before the transmitter starts propagating the mebsegerocedure

repeats until the message arrives at the destination.
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Position-based schemes can be merged with other types of protocol, eglogiepased
AODV, to carry out message propagation. HLAR [27], a hybrid protoiegproposed, which
contains features of location-based routing and AODV. The sourabasts a route request
(RREQ) before a message is transmitted, with a time-to-live (TTL) packetwvesitmates hop-
count to avoid unnecessary flooding in the network. The sequenceenwhthe intermediate
node, IP address of the node, and sources information are includeel RRBEQ. The nearby
node responds with a route reply (RREP) if it has a route to the destinatisabmadcasts
the RREQ. As the destination receives the RREQ, it replies with an RREP emdasage is
propagated back to the source, before the source is able to transmit thaegee€onsidering
the dynamics of networks, if the link breaks during message propagat®nottes of the bro-
ken link are permitted to repair the broken part of the route to find the route tdestination,
instead of unicasting the breakage information to the source and re-bualdiag route from
the source. The intermediate nodes locally broadcast beacons to ngigigbeehicles which
are closer to the destination if such nodes exist or flood a route repaiagestesinform nearby

nodes which are still connected to the destination.

Position-based protocols distinguish vehicles by location and provide thiele® closer to
the destination with priority to forward messages, which improves the efficiehmessage

propagation.

2.3.5 Geocast protocols

Geocast routing protocols set an ROl which is determined by the locatioa nféksage source.
Packets, e.g. information on accident and congestion, are propagatthi® vehicles in the
ROI. Other types of routing protocols, e.g. position-based protocotspeacombined with

geocast routing to achieve efficient propagation of messages in an ROI.

Vehicles travelling in the opposite direction may be used to relay the messagghhttoe

region of interest [28, 29]. The vehicles moving in the same direction aggd based on the
transmission range [28], and a group head (GH) is selected for eaehlirad group. Once an
incident is triggered, the vehicle involved in the incident, as the messageesdmoadcasts a
message to inform other vehicles about the event. If the network condaimmot guarantee
that the message is transmitted throughout the region of interest, e.g. therdistaxd case,
GHs travelling in the opposite direction take charge of forwarding the mesgagce a GH

receives the message and rebroadcasts it, the source stops pebiamidabst upon sensing the
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rebroadcasting. The GH travelling in the opposite direction rebroadcasisgbhsage before it
moves out of the region of interest. The adoption of vehicles travelling in thesie direction

provides acceptable levels of delivery ratio and broadcast cost irr éitinee or sparse traffic.

A cached scheme to geocast routing is introduced [30]. Once a nodedhaldnessage loses
its connection with others, it stores the message in its cache and waits to estahhigtttion.
Nodes in the network periodically broadcast beacons to inform neardbgsof their existence.
If the node with messages to be transmitted again receives a beacon, ibstadsasting
the message. The delivery ratio is improved by the cache scheme. In additiooation
constraint scheme is proposed to keep the route connected. The sai¢etatbdiate node,
based on greedy routing, is always the closest to the destination. Tlti®selange of the
next relay, therefore, is reduced to guarantee network connecliviit.is, vehicles outside the
transmission range after a specific interval are excluded from the potettigs. The scheme

decreases network load and delivery delay.

Different from the passive reception of traffic information in other peots, a pull-based geo-
cast protocol is proposed [31]. In this scheme, after setting the destinti®vehicle broad-
casts a request for information on congestion and the receivers indrethe current location
of the vehicle and the destination forward the request to their neighbotas @as the vehicles
near the destination. The area from the location of the requester to theatiestis defined as
the ROI. In addition, the receivers respond to the requester with a stmigédex which indi-

cates the local congestion level. With this pull-based approach, the tegigeable to obtain
the congestion information for the possible routes to the destination and teectteoone with

the shortest delay.

2.3.6 VANETs Routing Protocols with Consideration of Height

In practical traffic conditions, the vehicles between Tx and Rx are the manes of the signal
attenuation [32, 33]. Intuitively, tall vehicles are better than low vehiclestasmediate nodes.
It has been proved by experiments [34] that tall vehicles as intermedigiesnmstead of
low vehicles, help to improve the performance of signal propagation in tefie aeceived
signal power, packet delivery ratio and effective communication rafges is because the
vehicles as obstacles have a smaller impact on signals from tall vehiclesdhaiofver ones.
In the experiments, it is assumed that the vehicles receiving the messagehenaumber

of neighbouring vehicles. The farthest low and tall vehicles among tlevexs compare the

18



Background

number of their neighbours, and the one with the most neighbours foswaednessage. In the
experiments, the ratio of tall vehicles was spread from 0.05 to 0.5. Thitsr@sdicate that tall
vehicles have more neighbours and they forward the message with higioabgity. Using

tall vehicles as intermediate nodes can be applied to any type of routing @Oio&/ANETS.

A clustering protocol, Spring Clustering, is improved by considering vesiitleight, which
has been named Enhanced Spring Clustering (ESC) [35, 36]. In the &8ldster head is
elected using Coulombs law for the stability of a cluster network. The suitabildycahdidate,
the analogy with the force in Coulombs law, is

Freje = kijZQi—gj7 Freyjy = kiiji—gj (2.2)

T U

where F.;, and Fy.;;,, are the pairwise relative forces between vehi¢lasd; along thex
axis andy axis. The two axes are the movement directions of the vehicles, which iieal/e
to each other.r;; is the relative distance between vehicleand j. k;; and k;;, indicate
whether the vehicles are approaching each othgy (> 0) or departing k;;; < 0), which
relates to their relative speed; andg; are the factors which distinguish tall vehicles from
low ones. As vehicle belongs to the group of tall vehicles (assuming that the vehicles are
divided into tall and low vehicles); = 2; otherwise,q; = 1/2. For any vehicle, the sum of
Freij With all its neighbouring vehicled;, andF, are) | Fi;j, and) | F.;,, which are the
total force of vehiclei. The vehicles broadcast beacon messages periodically, which contain
the information of their location, movement direction and speed. The fBrgaf each other,
therefore, can be exchanged. The candidate with the highgsis equivalent to the situation
where the candidate is likely to be a tall vehicle and is at a smaller distance frogigtgours,
and is thus best suited to be the cluster head. This method aims to improve threnpede
regarding the cluster lifetime and the stability of the link between cluster heamlsever the
mechanism of periodic beacons from all the vehicles could be a sourmenggstion in the

channel, especially in heavy traffic.

2.4 Backoff Analysis: Transmission Probability

The backoff mechanism in IEEE 802.11 is adopted to avoid collision, sintierstanay try
to access idle channels at the same time. Random backoff time is specifidg fetations

to defer the starting time of transmission by various degrees. This mechaeismmahes the
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transmission probability of stations and whether the message can be transmitieccases

where there is only one winner in channel contention.

The transmission probability of any station in a random time slot is deduced asvaykov
chain [37]. It is assumed that there are always messages to be transtnittgdstation. If the
channel is sensed to be idle and the backoff counter of a station rezatzes message will
be transmitted by the station. Other stations receiving the message pausekthfegracedure
and only restart the backoff whenever the channel is released.I$bisssumed that the packet
collides with a constant and independent valueregardless of re-transmission numbers. The

backoff process is modelled using a discrete Markov chain,

Plik|ik+1) =1, ke (0,W; —2),i€ (0,m) (2.3)
P(0,k | 4,0) = 1W_Op,k € (0, Wy —1),i € (0,m) (2.4)
P(z’,k\i—l,O)z%JqG(O,Wi—l),ie(l,m) (2.5)

P(m, k| m,0) = Wim, ke (0, Wy, — 1) (2.6)

where k represents the randomly-selected backoff value iaisdthe backoff stage, i.e., the
retransmission times. Equations 2.3 to 2.6 represent the one-step transitiabipity of the
Markov chain. P (i1, k1 | i9, ko), for example, is the transition probability from the backoff
stageip and backoff countek, to the backoff stage; and backoff countek;. W; = 2/W.

For the first transmissiol}y = CW ;. Equation 2.3 reflects the fact that the backoff value
is decreased by one at the start of each time slot. Equation 2.4 shows babifitp that

a new packet is to be transmitted with a backoff value selected #igm- 1 and 0, after

the successful transmission of a previous message. Equation 2.5 steofasttthat after the

(¢ — 1)th unsuccessful transmission, a new backoff value is selected withinategmrange,
from W; — 1 to 0. Equation 2.6 indicates that if the range of the backoff selection reackes th
peak,CW ... — 1, and the transmission fails again, the re-selected backoff value is still from
CW ez — 110 0.

According to the basic relations listed above, the probabhilityat a station will transmit in any

chosen time slot is
= 2(1 — 2p) 2.7)
(1=2p)(W +1) +pW (1 — (2p)™) '
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wherep is the probability of collision andV is the minimum CW,CW ;.. m represents a
predefined maximum CW stage which relate§'# ,,,;,, andCW ,,,,.. The equation shows that
the probability that a station will transmit in a randomly-chosen time glds.the probability

that at least one of the oth&fr — 1 stations will transmit in the same time slot as statiolt is
p=1—(1—7)"D (2.8)

For a systemy andp are unknown parameters and can only be obtained by numerical methods.

The successful transmission probability of an individual station [38] idistl It is assumed

that there areV stations contending for the shared channel. A station successfully transmits
messages if it has the smallest backoff value among all the other statighsis defined as

the backoff value which is randomly chosen by statiéom [0, win;(t)], wherewin;(t) is the
contention window size of nodeat time instant. P;(t) is the probability of the successful

transmission of statiohat timet.
Py(t) = P (vi(t) <vj(t)]j #i,5 =1,...,N) (2.9)

then P;(t) is above zero if the backoff value which the statioselected is smaller than the

others.

For all the stations, the minimum value ofin;(t), win, = min(win;(t),i € N), is a
threshold for successful transmission. If the backoff value of statismgreater thanvin;,,

the probability of successful transmissify(t) is zero.

If 7 is the sole station, the backoff value is smaller than,,;,, thenP;(¢) = 1. Otherwise,
if there arer stations with a backoff value smaller thatin.,;,, the opportunity for successful

transmission for thesestations is equal, which lﬁ—l

To get a general expression 8f(t), the probability that there are stations with a backoff

value smaller thamwin ,,;;, has to be calculated among the othér- 1 stations, i.e.P(r).

(N—l

) . . .
min v min_l
TOEDY < I ) (2.10)

1
k=1 \merinkth m verest in kth

In Equation 2.10 there are two products. The first tef), . i, i, Presents the product of

the probability ofr stations with a smaller backoff value tharin.,;, in the kth combination
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of stations. The second terfi], . estinkir SOWS the product of the probability of the other

N — 1 — r stations with a greater backoff value thain,.;,, in the kth combination of stations.

Wity — 1 v~ 1
P=—"""—%"_P(r) (2.11)

wing; — 1 o
r=

Equation 2.11 shows the probability that any station will access the chamrdssfully and
transmit. The calculation [38], however, is too complicated to understandoaingplement.

The probability of successful transmission will be re-deduced in Chdptdrhe expression
in Chapter 4 provides a simplified version of the probability of successtnktnission and a

specialised form for the proposed scheme in this thesis.

2.5 Network Connectivity in Vehicular Networks

As a fundamental property of ad hoc networks, network connectivitypieeequisite for net-
work functions, e.g. protocol design and system configuration of veisetievices. The dy-
namics of VANETs make the network connectivity an important factor to censidprotocol

design.

According to graph theory [39], the network is connected if and only yf gair of nodes are
connected by at least one path. The network is said té-bennected if and only if there
arek independent paths, with no common part of path shared between anyf pades. In

VANETS, if any two vehicles are connected, the receiver is able towedke signal from the

transmitter successfully.

2.5.1 Inter-vehicle Spacing Distributions

Studies on VANET connectivity are carried out based on the assumptibththéocation of
vehicles follow a Poisson distribution [40-42], that is the location of anyclelis uniformly
random on the road and independent from each other. The expreggioobability density

function (PDF) ofx is given in Equation 2.12

k>0 (2.12)
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wherep, is the vehicle density in veh/m;, represents the distance considered, in meige.
is the average number of vehicles within the range: ahetres. The expression shows the

probability thatk vehicles occur at the distance intervakofetres.

Poisson distribution of location is equivalent to the situation where the intécleespacing

follows an exponential distribution. The PDF of inter-vehicle spacing is

ED (z) = pye 77 (2.13)

The Poisson and exponential distribution are simple models for location diginbuwet, the
empirical data [43] shows that the statistics of inter-vehicle distribution chaiibeéime of day
and the exponential distribution is not able to describe the distance betwbietes precisely

in all periods except sparse traffic flow [44].

Log-normal distribution is adopted to model the inter-arrival time and inthrele distance,
x, of free-flow traffic [44-46], i.e.X € log.N(u, o), wherey ando represent the mean and
standard deviation of log-normal distribution. By comparing with practicdlid¢rdata, it is
shown [44] that log-normal distribution is more accurate than exponetiabdition to model

heavy flow traffic.

A statistical model more suitable and accurate than exponential distributiomadisis de-
scribed [43,47]. The condition of real traffic changes with time in one &ay example, the
average distance between consecutive vehicles during daytime is much shaailére one in
the midnight. To acquire the statistical property of inter-vehicle distance D (Cumulative
Distribution Function) curves of inter-vehicle distance are drawn fronreaétraffic data of
Berkeley Highway Lab with each one matching one hour in a day. The Kolreggdmirnov
test (K-S test) is used to approximate the CDF curves to the pre-selectduludiishs, i.e. expo-
nential distribution and generalised extreme value (GEV) distribution. [fiffereince between
the CDF curves of traffic data and pre-selected distance is above ts@didef the critical
level, which presents the level of similarity, the data can be represented Misthibution. The
K-S test shows that in the hours with light traffic conditions, e.g. from 1 a.nb dam., the
exponential distribution is accurate enough to represent the real wlatfic according to the
threshold of critical level 95%. In the cases of relatively heavy traifiéc, from 7 a.m. to 10
a.m. and from 2 p.m. to 7 p.m., either of the hypothesised distributions is able tocapate

the CDF curves. And in other hours with moderate traffic, the data of destagteveen consec-
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utive vehicles can be properly described by GEV distribution. GEV didtdhicontains type

I, Il and Il extreme value distributions and forms a family of continuous phility distribu-
tion. The distribution is the limit distribution of the normalised maxima of an i.i.d. random
variables and thus used to approximate the maxima of finite sequencesafraadables. To
model the traffic flow with log-normal distribution and GEV distribution, the paeters in the

distributions need to be adjusted carefully.

2.5.2 Factors Related to the Network Connectivity

Current research shows that the network connectivity in vehicularankénis mainly deter-
mined by the following factors: 1) vehicle density; 2) transmission poweth®maximum
transmission range (MTR); 3) network mobility; 4) whether roadside uni®/{Rfrastructures

are involved in the communication; and 5) impact from environments on sigmpagation.

2.5.2.1 Vehicle Density and Transmission Range

Intuitively the network connectivity in VANETS rises with the increase ofiglghdensity and
it is supported by experiments [48]. For a specific connection probaltiigytrend of vehicle
density is opposite to the one of MTR, and these two factors are consitbgyeither [2, 49].
The analytical model of connection probability for unidirectional trafficriesgnted [2]. The
distance between consecutive vehicles and the transmission range inTgAddEermine the
network connectivity. The network is connected if and only if conseewtehicles are always
connected, i.e. the distance between any pair of consecutive vehicteallersthan the trans-

mission range. The CDF of the distance between consecutive vehiclgs is [2

1—e™* x>0
Foy(x) = . —0 (2.14)
T

Therefore, the connection probability for a pair of vehicles With- 1 relays (vehicles) is
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Figure 2.4: Vehicle distribution of one-way scenario [2]

P. = Pr(X,<RR,X,<RR,---,Xy_; <RR)
= (1—erhR)NI (2.15)

where X represents the distance between vehicle 1 and vehicle 2, and &fandicates the
Radio Range of the wireless devices. Figure 2.5 presents the changeneiction probability
with the vehicle density and the transmission range, based on Equation BelBsd of vehicle
density and transmission range increases the connection probabilityeaxgezkmas is shown in
figure 2.5.

Minimum Transmission Range (MTR), that is the transmission range whictskbegonnec-

tion probability above a specified threshold, is
1 1
c=——In(1—- P~ .
d 1 < (N 1>> (2.16)

By increasing the transmission range, the required connection probabiitgpeecific density
can be raised.

The theoretical analysis above only applies to a straight highway scewéhimo intersections.
Atintersections [49], the traffic flow is disrupted, which results in significhfference in terms
of vehicle density at both sides of the intersection point. Therefore, thiease of vehicle

density cannot rise connectivity necessarily.
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Figure 2.5: Connectivity probability with the density and the transmission range in one-way
case

2.5.2.2 Network Mobility

As the distinguishing property of VANETS, network mobility affects netwarskmectivity. The
metrics to measure network mobility are the mean value and the standard deviatjmeed

distribution.

The connection probability of VANETSs in the highway scenario decreasefe mean and

standard deviation of speed increase [50].

The availability of connections for each individual link determines the cciiviey of the whole
network. Using real traffic data, duration of the link between consexuélays is analysed
in a geometrical view based on the mathematical model of the connection avail§flljty
Mathematical models show that in the highway scenario the links between melag moving
in the same direction last for a significant amount of time, in the order of tesmsooinds. If the
vehicles moving in the opposite direction are adopted as relay nodes, thectiom time will
decrease, since the speed gap of vehicles in the opposite direction resudtisorter time that

the vehicles lie within mutual transmission range.
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2.5.2.3 Roadside Unit (RSU) / Infrastructure

An RSU can provide drivers with the information about traffic condition, exgcidents and
traffic jams, and an access point to the Internet. An RSU also facilitates tis¢rection of

vehicular networks in a centralised manner.

The RSU is equivalent to a static node with stronger transmission power cednjgethe mo-
bile nodes in VANETSs. The network connectivity is degraded by extentfiagpace between
adjacent RSUs [40]. Experiments [52] show that the rise of transmisaiggerof RSUs im-
proves the network connectivity and shortens the disconnection intarvahicular networks.
In the V2X network, the decrease of the vehicle density and the transmissiga of vehicles
has the same impact on the network connectivity with RSUs and reducess guxssibility to
RSUs [40, 52].

2.5.2.4 Impact from Environments on Signal Propagation

The network connectivity is also affected by environmental factorsreagiside buildings and
vehicles on the road. These factors result in the reflection, diffractidnsaattering of the

transmitted signal, and signal fading at the receiver.

Road tests [32, 33] show that the signal received is the superpositimnlopath signals with
various delay and strength, among which the signal from the Line of Sigh§) path domi-

nates the signal received. In the LOS component [53, 54], the pdekeery ratio and the Re-
ceived Signal Strength Indication (RSSI) are both significantly affexyetie vehicles blocking
the path between transmitter and receiver. Any potential receiver mayp faiteive the signal
although it is within the transmission range of the transmitter due to the vehicleb Woick

the signal. Experiments were conducted between one pair of vehicles vethetiicle as an
obstacle in between of them. The obstacle effect, as well as signal fagdinglbpath, weakens

the network connectivity inevitably by affecting the signal reception in tredfic.

2.6 Conclusion

In this chapter, four topics are covered, i.e., the features of VANETwied introduction
of WAVE (IEEE 802.p) for vehicular communication, common types of routingfqrols in

VANETS, and a summary of the factors related to network connectivity in A8\
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The routing protocols are categorised into 5 types, position-basedidasting, cluster-based,
geocast and ad hoc routing. Notice that some of the protocols mix the feahd@dvantages of
multiple types to deal with the high mobility of VANETS for better performance. énabming
chapters, an improved protocol is proposed based on DBA-MAC (BjmBackbone Assisted
MAC) which contains the features of cluster based, position-basedeowhsgt protocols and
aims to propagate safety message as fast as possible. The analyssuttsdlmmonstrate that
the proposed scheme increases the probability that the best candidaiewelibe intermedi-
ate nodes and reduces the propagation latency. In the practical asehtbles between the
transmitter and receiver affect the signal propagation. In Chapteetork connectivity is
estimated based on diffraction models to present the obstacle effect tnafial] and the ne-
cessity of considering the obstacle effect in performance estimation tofgqole in VANETS is

also shown.
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Chapter 3
Improved Scheme for Intermediate

Node Selection in Proactive Routing
Protocol

3.1 Introduction

Dynamic Backbone-Assisted MAC (DBA-MAC) [16], a hybrid routing fwool, comprises of
a proactive protocol and an on-demand one. DBA-MAC provides bgystem performance
in terms of propagation delay and average number of nodes involvedtinraasmission than
flooding in IEEE 802.11. The performance improvement stems from lackaidif between
consecutive transmissions and long distances between adjacent inteéenmedias. Since the
intermediate nodes take charge of forwarding messages, the key faffémting network per-
formance are the manners of selecting intermediate nodes efficiently gpiddcdiee distance
between adjacent intermediate nodes as long as possible. In this chdapeMAC is anal-
ysed to speed up message propagation. Based on the analysis, achevetds proposed
to improve the selection efficiency of intermediate nodes and system perfoemahe pro-
posed scheme can also be applicable to other VANET protocols in which them€@lanism

is adopted as the selection criterion.

To the best of our knowledge, in existing VANET proactive protocols,giapagation per-
formance and network formation are measured separately, i.e. propadatay and over-
head/formationtime. The network formation time, however, is an inseparatblef pgoroactive
protocol and has an impact on average delay in the protocols. In thisechamovel metric,
delay taking into account the effect of formation time (DEFT), is proposedhfe proactive
protocols, in which propagation delay and network formation time are combihkd value
of the proposed metric represents the propagation delay with the impadinafrkéormation

time on delay.

This chapter is organised as follows: in section 3.2, a novel metric focpveaouting proto-

cols is proposed with the analysis of the impact of network formation time on gepsapaga-
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tion. In section 3.3, a proactive routing protocol, DBA-MAC, which is theibaf the research
in this thesis, is briefly introduced. Section 3.4 presents the analysis ofaiwbacks of DBA-

MAC which affect the BM selection and system performance, and pedpad the improved
schemes. Performance comparison between DBA-MAC and the promosajgesented in

section 3.5. Section 3.6 concludes the chapter.

3.2 Proposed Metric for Proactive Routing Protocols

Delay in proactive protocol is at the inevitable cost of network formatiosystem with short
delay is usually with long formation time. To the best of our knowledge, in atifiterature the
delay metric only comprises of the time from transmission by the message genetamend
of the last re-transmission. Formation time/overhead, as an individual metigoored in the
delay. To estimate the propagation delay taking into account the impact ofmkdtwmation,
a novel metric is proposed. The proposed metric contains the propagataynaihd the effect
of network formation time on delay, and is named DEFT, i.e., Delay taking intouatdbe

Effect of Formation Time.

In this metric, both propagation delay and formation time are normalised to theistaihce,
i.e., 1 km. Given that the network in proactive protocols, e.g. DBA-MAQJaips periodically
and the messages are held by generators in the network formation pleasetybrk formation
time is weighted by the ratio of average time of network formation in unit distance foatiod.

DEFT is expressed as Equation 3.1,

Tdft = ant + Tdelay (31)

whereTy; is DEFT, « is the parameter of impact from the network formation to the message
propagation. Iny, the average formation time in unit distance is normalised by all the mes-
sages in the period, given that the messages are randomly distributed inicegénghe phase
of network formation the message generators suspend the message tushetteal. There-
fore, o« = T} /period, whereperiod is the updating period in DBA-MACT; is the average
formation time of a 1-km network anfl;.;,, represents the average propagation delay of the

messages in 1 km.
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3.3 A Proactive Routing Protocol: DBA-MAC

In DBA-MAC, vehicles with wireless devices are categorised into 2 groups backbone
members (BMs) and normal members (NMs). When no network is detectegétdis period,
vehicles broadcast beacon messages to form one. Upon establishingetBork, messages
are forwarded by BMs. NMs only act as intermediate nodes when BMeflitward messages
due to collisions or a BM link breakage. A BM forwards a message as sodrisareceived
from the BM’s last counterpart, with no backoff time. Because there isactdif time when a

BM forwards a message, delay is reduced, compared with flooding scheme

3.3.1 Network Formation: the BM Selection

If a vehicle receives no beacon message from any neighbourinderé@hicspecific period, i.e.,
5 seconds, it broadcasts a beacon message to start a BM formatiodyeagaiming itself
as a BM. The beacon message contains ID information of the transmitterdibeaage and
information from the GPS equipment, including speed, location and directiomogément.
Following vehicles within its radio range justify whether they are suitable catedand only
the suitable ones start a contention-based procedure to become thévh&ttd8CW scheme in
IEEE 802.11 is adopted to determine the suitability of candidates and theirfbtaciea The
candidate which finishes backoff first replies to the BM with a candidaturssagge prior to
others and the BM unicasts an ACK message to the winning candidate. All #ecathdidates
suspend backoff procedure and listen to the channel if they receaedidature message. After
this handshake step, the newly-selected BM repeats the proceduretimg$tam broadcasting

a beacon to find the next BM and form the BM network.

During network formation, suitable candidates are the ones which keapecka with the
BM and never overtake the BM throughout the period. Whether a catedisla suitable one,
therefore, depends on the relative speed and relative distance he¢heddM and the candidate.
Those outside a BM’s radio range at the end of a period, predictedtfremrelative speed and
relative distance, are excluded from the suitable candidates, sincestiieabe of the BM link

degrades system performance if such candidates are selected as a BM.

Among the suitable candidates, the suitability for each individual is related teldg/e dis-
tance, relative speed to the last BM, the period of network and the rate ra he candidate

with the highest suitability is defined as the one farthest from the BM at the®eadgeriod.
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The BM selection in DBA-MAC aims at selecting the farthest candidate at tthefthe period

with highest probability and implementing fast propagation.

The backoff time of candidates before responding to the BM relates to ldud/eedistance
of the candidate to the BM at the end of the period. The relative distanoeatieed by the
Radio Range (RR) is used to measure the suitability of the candidate. An irtdelx shows
the suitability is defined here, the Suitability Index (Sl), as Equation 3.2

_ Asi+ At

ST,
RR

(3.2)

where As; is the relative distance between candidatnd the BM at the beginning of the
period. Since only candidates following the BM are considefed,is above zeroAwv; repre-
sents the speed gap between the candidatel the BM. For candidates approaching the BM,
Av; < 0, and so ont indicates the updating period of a BM netwotRR stands for the radio
range of the wireless device in a BM. Dividing by the distance at the endegbéhiod by the
radio range normalises the result. In this research, it is assumed thatr®@R&p the data of
location and velocity, and the data is accurate to 0.1 metre. Therefore cilmaeyg ofAs; and
Av; is determined by GPS. The CW of candidaté'\W;, is rewritten as follows [16]:

CWi = (1= 8I;) (CWinas — CWinin) + CWinin (3.3)

whereCW,,.. andCW,,;,, are the parameters from the IEEE 802.11 scheme, which are 1023
and 15, respectively. Candidateandomly selects a valu€; W/, from 1 toC'W; and starts a
countdown fromC'W/. Once the countdown procedure terminates, the candidate broadcasts a

candidature message to contend to be the next BM.

The BM replies to the first candidate with an ACK message after receivingahdidature
message successfully. Subsequent candidature messages froraotflielates are ignored.
The winning candidate is assigned a unique ID humber which is containedACtKenessage.
To reduce the network overhead, all the other candidates in backa#fepabort backoff as
receiving the candidature message, and store the ID information of thBMeaiter receiving

the ACK message.

Subnetworks may be created on the same highway simultaneously. In thel@&Mmsephase,
if a beacon message is received by a BM from another BM in the subrieaiend, the receiver

responds with a candidature message after SIFS, without backoffsulimetworks merge in
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this way.

3.3.2 Transmission by BMs

BMs play a major role in message propagation. Once a BM receives a radssaygits up-

stream BM, it responses with an ACK message after SIFS and forwadadksage without
any backoff. An ACK message indicates that the downstream BM haseecine message
successfully and is ready to forward it. The upstream BM which resdive ACK does not
forward the message again. NMs receiving the message from BMs kegpristo the channel

without forwarding the message.

If a NM broadcasts a message as the message generator, all the follelviolgs which receive
the message start a contention procedure to forward the messageedfediped BM receives
the message, it forwards the message with high priority. Note that a riskfapitiee safety
message is set at 1 km in the protocol. The safety message contains tineatidar about
traffic congestion, accidents and other road traffic conditions. Theagessre not forwarded

by any vehicles if the receivers are out of the risk zone of the messamgzagor.

3.3.3 Transmission by NMs

Note that messages are not always forwarded by BMs. Although in tteqml, the vehicles
outside the radio range are excluded from being suitable candidateg theif8BM selection,
the BM network may be broken by the network mobility, e.g. an unexpectenhehaf BM
speed. In addition, channel collision at a BM also results in receptionéaalod no forwarding
of the message. In these cases, NMs patrticipate in the contention to fahgarkessage after
the BM re-transmits the message. A contention-based scheme similar to the oreBill th
selection phase is adopted here. The backoff time of the NMs is determintub bglative
distance to the transmitter and the radio range 3.4. The one which finishesffhador to

others forwards the message as an intermediate node.

- Asi
RR

CW; = <1 ) (CWinaz = CWinin) + CWini (3.4)
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3.4 Proposed Scheme and Analysis

3.4.1 Discussion of DBA-MAC

During message propagation, predefined intermediate nodes in the rdetéatabcharge of
message propagation in the proactive protocols. The system perf@meagg latency, is di-

rectly related to the route selection in proactive protocols.

BMs are the nodes that forward the messages in DBA-MAC. In the BMisathethe suitability

of a candidate is defined by the distance to the last BM at the end of the kgierod. The
candidate with the highest suitability is the one with the farthest distance to theAB¥.
candidates projected to be outside the radio range of the BM’s wirelegsedmvovertaking
the BM at any time in the period are excluded. The backoff time of a speciiididate,:, is

a random value selected from 1@8V;. Statistically, the candidate with the highest suitability

will win the contention with the highest probability.

3.4.1.1 The Suitability Criterion of DBA-MAC

The suitability criterion is the relative distance between the individual catedaiad BM at
the end of the period, that is, the longer the distance of the candidate atdlut the period,
the greater suitability it has. Yet, this criterion ignores the location at the begirgiithe

period, which may result in the decrease of the distance between adpdenEor example, in
Figure 3.1, three vehicles are suitable candidates to be the next BM. Tke/Blaicle indicates
the relative location of the candidate at the beginning of the period andshedlalue vehicle is
the one at the end of the period. According to the criterion, candidate 2 imih@ contention
with the highest probability. However, the distance from candidate 2 to thiesBist the longest
at the beginning of the period, which may degrade the average distamoeeipeadjacent BMs

and affect the propagation performance.

On the other hand, if using the distance at the beginning as the suitability erjtdréosituation
may occur that a potential BM is an approaching candidate and gets cldlergrevious BM
than the others at the end, as does candidate 4 in Figure 3.1, which getstalt®e BM than
candidate 2 and 3. Once such a candidate is upgraded to a BM, in the sefdtise of its
downstream BM, the candidate set is affected by its relatively high speks@ving candidate

is free from such a problem. If the relative distance of a leaving candaddtes beginning is
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Figure 3.1: lllustration of the ending distance as CW criterion in DBA-MAC

the longest, the distance to the BM only increases throughout the period.

The transfer of criterion changes the Sl of leaving candidates; therdgfe Sl ranking among
all suitable candidates may be changed. Notice that the change may obgifrtba traces
of the relative distance throughout the period overlap with each other.fdllowing section
shows all possible cases which result in the changing of SI ranking, the final distance(the

relative distance at the end of a period) to BM and the initial distance to BM.

Figure 3.2 presents the relative movement of any two candidates with the Big &et as a
benchmark. The dashed lines are the trace of the candidates throtigh@eatiod. Given the
relative speed between the BM and the candidate, the trace indicates tige cfighe relative
distance to the BM in the period. Direction of relative movement is related to lde/eespeed,
i.e., if the candidate is faster than the BM, the relative movement is from thecédige radio
range towards the BM, and vice versa. As is shown in the figure, the redatiothe relative
distance between any two candidates throughout the period consig®ftypes, a) no overlap,

b) partial overlap and c) fully covered overlap, respectively.

In the case of no overlap, no matter which scheme is adopted and whetaffibe candidates
are, there is no change of Sl ranking. The candidate with longer distatice BM has higher

Sl value.

The dash in the table indicates the relative movement direction. For examplé Bie table

35



Improved Scheme for Intermediate Node Selection in Proactive RoutingdBtoto

Movement direction

T o o ke
0 4 : @ 6
Ic i
. i
QD @ H J @
(a) (b) (c)

Figure 3.2: Cases of overlap

Sl ranking changed
1:B-A, 2:D-C N
1:A-B, 2:C-D N
1:B-A, 2:C-D N
1:A-B, 2:D-C N

Table 3.1: Analysis: change of Sl ranking in case of no overlap
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represents that at the beginning of a period the relative location of titkdzde (to BM) is at

B and itis at A after a period.

In partial overlap, the cases are grouped into 4 scenarios, which engjuabth approach, 2

both leave, 3 candidate 3 approaches and candidate 4 leaves, Jacandiidate 3 leaves and
candidate 4 approaches. In, Tandidate 3 is selected as the BM with higher ranking than
candidate 4 in both schemes; if, 2andidate 3 with higher ranking than candidate 4 in both
schemes; in B candidate 3 has a higher ranking in the scheme of the beginning distance as
criterion and a lower ranking in DBA-MAC; in 4 candidate 3 has a higher ranking in DBA-
MAC and a lower one in the scheme of the beginning distance as criterioriolldweing table

summarises the change of Sl ranking in the partial overlap case.

Sl ranking changed
3:F-E, 4:H-G N
3:E-F, 4:G-H N
3:F-E, 4:G-H Y
3:E-F, 4:H-G Y

Table 3.2: Analysis: change of Sl ranking in case of partial overlap

In full overlap, the cases are grouped into 4 scenarios, i)éboth approach, 2both leave,

3) candidate 5 approaches and candidate 6 leaves, andndlidate 5 leaves and candidate
6 approaches. In)lcandidate 6 has a higher ranking in DBA-MAC and a lower one in the
scheme of the beginning distance as selection criterion},inghdidate 6 has a higher ranking
in the scheme of the beginning distance as selection criterion and a lower DBAHMAC;

in 3), candidate 6 has a higher ranking in DBA-MAC and a lower one in the scloérie
beginning distance as selection criterion; jnelandidate 6 has a higher ranking in the proposal
and a lower one in the scheme of the beginning distance as selection crifEnerollowing

table summarises the change of Sl ranking in the full overlap case.

Sl ranking changed
5:3-1, 6:M-L Y
5:1-J, 6:L.-M Y
5:3-1, 6:L.-M Y
5:1-J, 6:M-L Y

Table 3.3: Analysis: change of the Sl ranking in case of full overlap
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3.4.1.2 Random Selection of CW

A randomly-selected number from 1 @W¥;, which is given in Equation 3.3, determines the
backoff time of this candidate. As Figure 3.1 shows, the suitability rankiggss3 > 1 > 4,
resulting in the upper boundarie€Wy < CW3 < CW; < CW 4. Candidate 2 will win the
contention with the highest probability. Notice that although candidates 1d 3 ane weaker
in suitability they also have an opportunity to win the contention. The randonmofeS8V
selection in IEEE 802.11 is designed to avoid collision among competitors. InMBE, the
randomness makes it possible that a candidate with weak suitability becomesitBadvh This

reduces the average distance between adjacent BMs and has an imgg&tieon performance.

3.4.2 Proposed Schemes Based on the Analysis

To deal with the issues listed above, schemes to improve the BM selectionoaesed, i.e.

the CW constraint scheme and the change of suitability criterion.

3.4.2.1 Constraint of CW Selection

To deal with randomness of CW selection and better reflect the candidtbildy, the CW
Constraint scheme (CWC) is proposed in the BM selection. CWC is similar to the limited
CW selection scheme [55, 56], in which the lower boundary of CW selectioglased to the
retransmission times. For example, if a station attempts to transmit the messagetfotithe,

the length of CW selection &2i. That s, the selection range of CW spreads fi@ily —32i+1

to CW. This method is designed to reduce collisions, yet not suitable to distinguisiidede
suitability. This is because the stations with greater retransmission times hawatargange

of CW selection. Greater range may lead to greater overlap of CW rangethiigh stations.
Stations with greater retransmission may access to the channel prior to thesstdtlosmaller
retransmission times. CWC aims to select the candidate of the highest suitabilityig¥itsh
probability. CWC sets an interval for CW selection from the upper boyndV; to the lower
boundaryCW,; — L + 1, confining the selection range of all the candidates. The range of CW
selection,L, is set to be a number smaller thamV,,,;,,, the minimum CW of all the candidates.
As is shown in Figure 3.3, candidate 3 is the most suitable, so the backoff tingarididate

3is fromCWj3 to CWs — L + 1. The backoff time of the candidates with weak suitability is

greater than the one 6f/s; therefore, candidate 3 responds to BM prior to others and will be
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the next BM. The suitability of candidate 3 is protected by limiting the backoff timetioér
candidates with weaker suitability, i.e., 1 and 2. In this way, only if the gap lestilee upper
boundary of two adjacent candidates is great enough, i.e. greateftrdoes the candidate
with greater suitability terminate backoff prior to the weaker ones. A detailatysis, with a
mathematical model, will be presented in the next chapter.

/
Movement direction

CW, | |

CW;

Figure 3.3: lllustration of criterion in CWC

3.4.3 Extension of CW Constraint Scheme

A fast delivery scheme for online games in VANETS is presented [57.gEme-event message
is propagated among the players in the vehicles in an on-demand mannedube the hop
of message propagation, the farther candidates have higher priorityatartbthe message by
the adoption of CW mechanism in IEEE 802.11. The suitability of a candidatewafd a

message is measured as Equation 3.5

RRi — Dz’sti

Suitability = { R

(CWmax - CWmm) + CWmmJ (35)

whereRR is the radio range of the wireless devices on vehialich transmits the message
andDist; represents the distance from the current candidate to vehid®te that the radio
range is not fixed to a constant value and it is carried by the game me&§gge\[random
value between 1 and CW is selected to determine the backoff time of the candidaidi-

tion, the work of game message propagation [57] is extended [58] to moegigapplications,
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e.g. safety message and road service information propagation. The CNémsu and Equa-

tion 3.5 is also adopted to indicate the suitability of the candidates to forward treagess

Note that in the scheme for game message propagation [57, 58] the saniercdferandidate
suitability is adopted as DBA-MAC. Therefore, the CWC proposed in thaghespplicable
to increase the probability that the candidates with the highest suitability becemelalys.
The CWC scheme is able to be adopted for the schemes in which CW mechanised i®u

distinguish candidates for different priority.

3.4.3.1 Minimum Distance throughout Period as the Suitability Criterion

From the discussion, we see that the maximum distance of a candidate to thedsighibut the
period is not always a good metric to determine the suitability. Specifically, tg/eedistance
of the approaching candidates at the beginning and that of the leavidglates at the end of
the period are not the key factors for a long distance of adjacent BM&iBNMhselection, due
to the speed distribution. In contrast, the minimum distance throughout thel pgnielated
to the range of the next BM candidates. To make the distance betweenradjate as long
as possible, the minimum values of the relative distances of all the candidatdsecused
as the suitability criterion. The reason to consider minimum values of the reldistence
is that the criterion in DBA-MAC aims to get the distance of one hop as long ssilge,
yet the performance is determined by the average distance of all hopsveh ariterion of
suitability is proposed here. The maximum value among the Minimum Distance ofeall th
candidates to the BM throughout the period is adopted as criterion to mehewsaitability.
The proposal is named as MDC, short for Minimum Distance as Criterioffier@ift from the
Sl in Equation 3.2, the Sl in the MDC is as Equation 3.6

min(As;, As; + Av;t)

I = 3.6
S 7R (3.6)

The above equation shows that the minimum distance of a candidate determisegdbility

as a BM. That is, the initial distance to the BM of a leaving candidate in the pdetatmines
its suitability and so does the ending distance of approaching candidateandislates which
are outside the radio range and overtake the BM are excluded from fgitadple candidates,

S1; is a value from 0 to 1. The candidate with the highest value is the best.

Notice that the change of criterion leads to the change of Sl value of leeamjdates. This is
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because the relative distance of a leaving candidate to the BM is the minimunbaginaing

of the period.

Regarding Sl ranking, the comparison of ranking change in DBA-MAG tae MDC occurs
in some cases. The illustration of vehicles’ location is shown in Figure 3.2thieovehicles

without overlap, there is no change of Sl ranking. The cases with qvartalisted here.

Partial overlap: in the case of both approaching, candidate 3 is selecte8d with higher
ranking than candidate 4 in both schemes; in the case of both leaving, aen8idith higher
ranking than candidate 4 in both schemes; in the case of candidate 3@ppgoand candidate
4 leaving, candidate 3 has a higher ranking in the MDC and a lower rankiDAMAC; in
the case of candidate 3 leaving and candidate 4 approaching, canditeeadigher ranking

in both schemes. The following table summarises the change of Sl rankingtial paerlap

cases.
Sl ranking changed

3:F-E, 4:H-G N

3:E-F, 4:G-H N

3:F-E, 4:G-H Y

3:E-F, 4:H-G N

Table 3.4: Analysis: change of Sl ranking in case of partial overlap

Full overlap: in the case of both approaching, candidate 6 has a higteatkghg than candidate
5 in both schemes; in the case of both leaving, candidate 6 has a highergrankhe MDC
and candidate 5 has a higher ranking in DBA-MAC; in the case of candidap@roaching and
candidate 6 leaving, candidate 6 has a higher ranking in both schemesgasthef candidate
5 leaving and candidate 6 approaching, candidate 6 has a higher ranking MDC and
candidate 3 has a higher ranking in DBA-MAC. The following table summatiseshange of

the Sl ranking in full overlap cases.

Sl ranking changed
5:3-1, 6:M-L N
5:1-J, 6:L-M Y
5:J-1, 6:L.-M N
5:1-J, 6:M-L Y

Table 3.5: Analysis: change of Sl ranking in case of full overlap
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For candidates with weak suitability, the change of Sl ranking has little impattemin-
ning probability. For those with the highest suitability and a tiny difference éetvtheir Sls,
the change of the Sl ranking affects their winning probability, especiallgravithe CWC is
adopted. We see from the above comparison that a difference of trenl8hg caused by
the MDC occurs in 3 cases out of 12, thus the change of the Sl rankitigebghange of the
suitability criterion is not a frequent event in the BM selection. In additioendf’the MDC
changes the ranking, the suitability of the candidates involved in the chdrjeranking is
unlikely to cause a huge difference in the average distance betweepmtdgds. Simulation

results and more analysis of the CWC with mathematical models are presenteabieCh

3.5 Performance and Analysis in DBA-MAC and CWCMD

This section presents the performance comparison between DBA-MAGai@WCMD. The
impact on performance from the rate of safety messages, the rate ofchkgrdaand messages

and the vehicle density are presented.

3.5.1 Methodology

To verify that the CWCMD provides faster propagation than DBA-MAQGeesgive simulations

are conducted.

Event driven programming is carried out in the MATLAB environment, &og on the MAC
layer. Network Simulator 2, as a widely-used tool in VANETSs researchptigdopted, since it

adds complexity to the simulation and cannot present the results by layer.

In event-driven programming, every individual action on the MAC laywat the routing layer

is implemented. For example, once a message generator broadcasts eerfiegsi@gnented

by command Txmessage), a series of actions of the vehicles within the transmission range
is triggered, based on various conditions of the vehicles. If the chasnéle and the ve-

hicle keeps listening to the channel, an action of message receptioméBsage) is trig-
gered. If the vehicle is receiving a message from the other transmittedjisiocooccurs
(collision_by_safetymessage). Nothing is triggered if the potential receiver is transmitting a

message.

In the implementation of event-driven programming, an event list is set aglatstatore all
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the events. An event is generated with the time instance of its occurrende iasdrted into
the event list. The events in the event list are arranged and executetbimoldgical order.
An event is only triggered by the completion of all the events ahead. If alktleats are

implemented and none remains, the simulation finishes.

Time instant Event The vehicle(s) executing the event
3.6 Mobility update all
3.579 end back off 12
3.5 Message generated 57

Table 3.6: lllustration of the event list

As is shown in Table 3.6, the 1st column of the event list shows the time instémt efrent’s
occurrence. The 2nd column is the name of the event and the 3rd columatexdiibe index of

the vehicle which executes the command.

A command is inserted into the event list as above chronologically. For exampie 12
finishes the back off procedure at time instant 3.579s. Therefore vére end back offby
node 12 is inserted and listed before the evanbility updateat 3.6s. The event is triggered
only if the events ahead of it are all executed. Only after the ewmtdack offoy node 12 at
3.579 and all the other events before time instant 3.6s are finished, thevesigility updatdas
triggered.

Safety messages are generated by all the vehicles equally throughoutitbeperiod. The
messages can be generated at any time during the period. In the simulatieafdtyemes-
sage rate and the total number of vehicles determine the number of messagemessage is
allocated to a randomly selected vehicle and time instance. The procedurses#geajenera-
tion and time allocation is completed before the period starts, and the cordaspevents are

executed according to the time order.

The generation of background messages is the same as that of safeageses#t is also

determined by the message rate and the vehicle numbers.

The mobility of the vehicular network is independent of the network formatimhraessage
propagation. The vehicles are running on a ring-shaped road modh vghof 8-km length,

with the starting and ending points overlapping. All the vehicles are randololyated a
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location and a lane on the road in turn until all the vehicles are on the roax tBa location of
a vehicle is fixed on the ring-shaped road model, the range of its forwartdackward security
distance is unavailable for other vehicles to be placed on the model. Thesprotposition
allocation restarts only if the road is fully occupied by the vehicles and theesonding

security distances with no space available for the remaining vehicles.

Figure 3.4: lllustration of security distance

Figure 3.4 shows that once a vehicle is placed in the security distancetbtaooe, it has to

choose the location randomly again until it is out of the security distance ofthiee one.

The velocity of vehicles is a value randomly selected from the truncated hdistrdbution. In
the initial stage, the speeds of the vehicles are independent of eachReferto Section 3.5.2

System Configuration for the parameters of the distribution.

The mobility model, which is free from the impact of communication runs discretighyastime
step of 0.1 seconds from the very beginning of each period and the molpiigt& commands
are pushed into the event list before the message propagation. Attepcthe vehicles detect
the relative distance to the vehicle that is ahead in the same lane. If the digiaheevehicle
ahead is smaller than the security distance, the following vehicle decelertteddwest speed

bounded by the speed distribution in one second to avoid collision.

If the relative distance is not smaller than the security distance, the follovehigles choose
to accelerate, decelerate or remain at their current speed with eqbabjity. Each vehicle
has an equal chance of changing speed in this case throughoungpgived. As a vehicle is
changing speed, the target is to change by a standard deviation of gtedipibution during
an entire period. Once the speed reaches the boundary of speeditistribcceleration stops

and the vehicle keeps moving with the boundary speed.

In the simulation, the location of the vehicles at the next time step is predicted baghe

current speed and location. The procedure is repeated at every timerdgiiethe end of the
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period. Overtaking is not considered in this model, since the period ofdhdeds inadequate

for the vehicles to complete the actions of lane changing and overtaking.

A Monte Carlo simulation is conducted to obtain the statistical results. In iterafime the
BM network updates during every period, one entire period of netwarkdtion and message
propagation is simulated. The network formation starts at the beginning bfpesiond, from
the vehicle closest to the edge of the ring-shaped road model along tbeitepgirection of
movement. Propagation delay and other information, e.g. the transmission tireashoin-
dividual message, are stored in every iteration. To acquire the statiggals, the iteration

number is set to 200 in the simulation.

The simulation randomness is guaranteed by the comiRandStreann MATLAB. The start-
ing moment of the simulation is used as the seed to generate a random streanth&starting
moment in each simulation is unigue, the generated random stream is unigat as the re-

sults.

To get an unbiased result, i.e., delay, the definition of unbiased estimatitandbésd deviation

is used to get the standard deviation of delay. In calculaﬂOﬂ,\/ﬁ (> (¢ —£)?), where
t' is the simulation result of the propagation delagepresents the average delay anis the

total sample number.

3.5.2 System Configurations

In the simulation, it is assumed that the vehicles are located on a one-waghapgd road, on
which the starting point and ending point overlap. The location of the vetfialiews a Poisson
distribution, except that the distance of adjacent vehicles is equal teeategrthan a security
distance, which is related to the speed distribution of the vehicles. The vepedel follows a
truncated normal distribution. For example, the possible speed at a dehs9 geh per km

is from 64-6=58 mph to 64+6 = 70 mph. In the mobility model, no overtaking isidensd.

The actions of overtaking contain the lane changing and overtaking theev@ehead from the
other lane, which are usually unable to be completed in one period, givepédkee distribution
and the security distance. The period follows the configuration in DBA-MhE selection

of which incorporates the consideration of network stability after estabtjghie network and

amount of overhead during network formation. The configuration is listddlite 3.7 [51]

In the simulation, there are two types of message, i.e., safety messageshgbad mes-
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Vehicle density (veh/km) 100 60, 20
Speed: mean 24 mph 64 mph
Speed: standard deviatign 5 mph 6 mph
Speed: range 24+ 5 mph | 64 + 6 mph
Security distance 25m 50m

Table 3.7: Configuration: traffic and mobility model

sages. Safety messages contain information on congestion, trafficras@dd messages about
the safety of traffic and drivers. Background messages are theadmiels are not safety mes-
sages, e.g., information about road service or entertainment messadjee,@. During prop-
agation, if safety messages and background messages are waiting ttsbhatted by a vehicle
at the same time, it is the safety message that is first transmitted to guaranteeiiyg drice
remaining parameters are listed in Table 3.8 [6, 16]. The message rate issthganumber
of message a vehicle transmits in each second. For example, message maearis2hat each
vehicle transmits 0.2 messages per second on average. It can alscebstandias 20% of all

the vehicles transmit one message each second.

Radio range 240m
Length: highway 8 km
Cover range: safety message 1km
Transmission bit raté, 6 Mbps
Length: candidature messagg, 4 40 bits
Length: ACK messagé acx 40 bits
Length: safety message,,,, 100 bits
Length: background messa@gg, s, 500 bits
C'Wmax 1023
CWhin 15
DIFS 58 us
SIFS 32us
Rate:safety message 0.05,0.2,0.5
Rate: background message 0,1,2,4
Updating period 5 seconds
Length of CW selectiorl, 4

Table 3.8: Configuration: system
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3.5.3 Simulation Results and Performance Analysis

3.5.3.1 Advantage of DBA-MAC

A comparison between DBA-MAC and the flooding scheme in IEEE 802.1%&septed here.
The metrics to estimate the performance are the propagation delay from d¢te mafssage
generation to reception at the edge of the 1-km risk zone and averag®enof transmission
for each message. The vehicle density is 60 vehicles per km. The ratéetf ssessage
generation is 0.2, i.e. 0.2 messages are generated by each vehiclegmel se@verage. The
propagation direction of the message is opposite to the movement directiore Bigypresents
the performance comparison between DBA-MAC and flooding in terms qigmation delay.

100% QU

80%;-

60%|- |

—DBA-MAC
— Flooding

40%;- |

CDF of propagation delay

20%;- [

0.5 1 15 2 2.5 3 35 4 45 5ms
Propagation delay at density 60 veh/km and message rate 0.2

Figure 3.5: The CDF of propagation delay in both DBA-MAC and flooding at a densig0of
veh per km and alert rate being 0.2

DBA-MAC Flooding
Aver. number of transmissions 6.05 4= 0.84 9.59 £+ 2.29
Aver. delay /ms 1.162 £ 0.542 | 2.793 £ 0.775

Table 3.9: Average number of transmissions and propagation delay at a den$y wéh per
km rate of safety message 0.2
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Figure 3.5 and table 3.9 show that the messages in DBA-MAC are propagatstiorter delay
than in the flooding scheme. In the flooding scheme, the vehicles whiclvegbei message
forward it after DIFS and a random backoff time. The backoff time is rdltaghe number of
previous transmissions of the message, instead of the relative distanedaive speed of the
vehicles. If the message is propagated by the previous intermediate ntddendls time, the

maximum CW for candidatg CW;, is 22" — 1, n = 1,2, ...,8. The vehicles receiving the

message forward it with equal opportunity.

Furthermore, in the flooding scheme each time a message is transmitted all thenfphevi-

cles within the radio range participate in the contention to forward the messhiph, reduces
the efficiency of channel usage and channel capacity. Based oartfiguration of the simula-
tion approximately 14 to 15 vehicles on average join the contention to forwanthéssage. In
DBA-MAC, BMs are the only vehicles active for message propagation iméteork except

when a BM link fails to forward the message.

Due to the usage of BMs in DBA-MAC, the delay of most messages in DBA-NSAESs than
2 ms. In the flooding scheme, the propagation delay varies from 1.5 ms to raarg ths. The
backoff time before each forwarding and greater number of transmssaiethe source of the

longer delay in flooding.

Table 3.9 presents the average number of transmissions of a safety eyashap includes
the broadcast by the message generator. The number of transmissionfigodiveg scheme
is greater than DBA-MAC and the range varies over a wider range, whichused by the
uniform selection of candidates within the radio range. In DBA-MAC, thedadate with

the highest suitability becomes the BM with the highest probability and this atxfamthe

reduction in average number of transmissions. Note that the average mohttzsmissions
is different from the number of BMs in the risk zone. The average nurob#ansmissions

includes transmissions and re-transmissions due to link breakage and oollisio

Figure 3.5 shows that the CDF of flooding is more like a continuous curveathstediscrete
results, although the results are discrete. This is because flooding dsjag&l from 1.5ms
to more than 5ms. The randomness of 1) location of intermediate nodes amth@nission
number for each message in flooding makes delay in flooding more varieththgmedefined

BM network, which leads to a visually smooth 'curve’ in the CDF.
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3.5.3.2 Comparison between the MDC, the CWC and DBA-MAC

In this section, the performance in terms of delay are presented in foamssh i.e., DBA-
MAC, DBA-MAC with MDC (MDC for simplicity), DBA-MAC with the CWC (CWC for
simplicity) and DBA-MAC with the CWC and the MDC (the CWCMD). The simulation was

conducted at a density of 60 vehicles per km with message rate being 0.05.

100% -
//
P
L /
s":;% ’
80%
[ s’ir
—
T 60% |
3 I
Y— L o
M I
O 40% ;“f
| ~— DBA-MAC
i Tl ——MDC
[ ] cwc
0/ - s [
20% — CWCMD
’:’“ 1 1 1 |
0 0.5 1 1.5 2 2.5MS

Propagation delay, density 60 /km, message rate 0.05

Figure 3.6: The CDF of propagation delay in DBA-MAC, the MDC, the CWC and the CWCMD

Results in Figure 3.6 and table 3.10 show that only if the CWC is adopted, @rpenfice im-
proved, compared with DBA-MAC. The CWC improves the winning probabilftgandidates
with the highest suitability, which is the root of performance improvement. [ADBA\C,
the candidates with the highest suitability finish backoff prior to other carebdaith higher
probability. In the CWC, the length of backoff time is linear with CW, and the whatd with
the highest suitability always finishes backoff prior to the others, whicdraniees that the

candidate with the highest suitability upgrades to be a BM.

The MDC, however, only manages to improve performance when it is ugbdthve CWC.

In the condition that the MDC is combined with the CWC, the candidate with the Highes
suitability is changed only if the overlap of the relative distance to the BM throutthe period
occurs between two or more candidates with the highest suitability, as athalysee. The case
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of overlap occurs occasionally, which accounts for the slight improveofeerformance.

CcwcC
1.071 £ 0.367

CWCMD
1.070 £ 0.360

DBA-MAC
1.144 £ 0.280

MDC
1.182 £0.372

delay

Table 3.10: Average delay of DBA-MAC, MDC, CWC and CWCMD at a density of 60

Where the MDC is solely used with DBA-MAC, performance gets worse. si@ening the
ending distance in the period as the criterion in DBA-MAC, the CW of vehicligs simaller
speed than the BM is changed by the MDC. In other words,the MDC onlgtaffiee candidates
which are leaving the BM and the CWs of approaching candidates arbanoged by the MDC.
The MDC raises the CW of leaving candidates and the winning probability aalllidates
is affected. The MDC leads to the situation where half of the CWs (of the lgaxghicles)
become greater than in DBA-MAC and the vehicles with greater CW spreayefrom 0
to the radio range. The equivalent effect is that vehicles with strongbdititatend to be
fewer than in DBA-MAC and vehicles with weak suitability increase in numbdnis Effect
results in an increase in the possibility of candidates with weaker suitability vgjrinithe
BM contention and the performance of the distance between adjacent BdVigsrapagation
delay are both weakened. The overlap of the relative distance amongstheaindidates occurs

occasionally and makes little impact on the performance.

Results show that the CWC makes the major contribution to performance impnovdméne
following work, the CWC and the MDC are combined to conduct the simulatiorcantgpari-

son, given the name CWCMD (CW Constraint and Minimum Distance as crierion

3.5.3.3 Impact of Rate of Safety Message and Background Messamethe Performance

of DBA-MAC and CWCMD

Message rate  CWCMD DBA-MAC
0.5 1.114 +£0.765 | 1.196 4+ 0.858
0.2 1.087 £ 0.565 | 1.162 £ 0.542
0.05 1.070 £ 0.360 | 1.144 4+ 0.280

Table 3.11: Average delay of DBA-MAC and CWCMD at a density of 60

Figure 3.7 and table 3.11 show that in both DBA-MAC and the CWCMD, the rasafety
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Figure 3.7: The CDF of propagation delay in both schemes at a density of 60 vempant
changing rate of safety message

messages has little impact on message delay. The CDF curves show thdathes die the
order of ms. The interval in which a safety message occupies the channel (oraes)ois
far less than the network period (5s). Since the messages are distribuigty én time, the
impact from other safety messages is insignificant. Besides, once thestimaccupied, only
the local channel within the radio range of the transmitter is busy. Chanuesligle the radio

range are free from the impact of the safety message.

It is also noted that flat parts occur in the CDF figure. The horizontal @ixtbe figure is
propagation delay. The flat parts in the CDF indicate that the delay of ncagess in the
range defined by the values at the both ends of the flat parts. In bothNI82& and the
CWCMD, the message propagation is among BMs. Due to the propagatiomscunpted
in DBA-MAC and the CWCMD, no backoff is introduced during messageagation among
BMs. The delay can be estimated, by the transmission times of BMs and béoketbefore
transmission by the generator. Since the propagation time by each BM is @ampmweghich
is related to the message rate and message length, the delay of messaggatpdopy the

same number of BMs form a group of delay and the delay of no message esdaptbetween

51



Improved Scheme for Intermediate Node Selection in Proactive RoutingdBtoto

different groups. This accounts for the flat parts in the CDF. Moreldetee as follows.

Assuming the message is forwarded:bBMs, the delayl ., is

Tdelay =n (SIFS +Tack + Ttm) + (Tpre + Tta}) (37)
L
Tack = ?fK (3.8)
b
L
Ty = M50 3.9
.= (3.9)
Tpre == DIFS + Téackoﬁ (310)

whereT'scx andTy, are the transmission time of an ACK and a safety messagex and
Lmsq define the length of the ACK and the safety mess&@8ES andSIFSare DCF Interframe
Space duration and Short InterFrame Space duration defined in IEEEISD, .. is the waiting
time of the message generator before broadcasting the messgge,, shows the backoff
time of the message generator if the channel is busy when the message isdadabt. The
value ofn is related to the message’s coverage range, the maximum radio range tandalis
distribution of adjacent BMs. In the condition that the coverage range s ard the radio
range is 240 m, the minimum is 4, which means once the safety message is broadcast by
the message generator at least 4 BM transmissions are required. Thieteodegtay by a BM
contains a SIDF period, atime period to transmit the ACK message and a time foetrimas mit

a safety message. The time to transmit an ACK message and a safety me geagis e the
length of the messages and the bitrate, as is shown in Equation 3.8 and 3d®ldyhacurred
by the message generator is calculated as the second part of Equatiomi8!y jncludes a

DIFS period after generating a message and a random waiting time before &stagc

Also from Figure 3.7, we see that in the same condition, e.g. the same dersitiyeasame
rate of safety messages, the performance of DBA-MAC is outperformadeoCWCMD, in
which more messages are transmitted over the coverage range in a $agrtTas results
from the shorter re-transmission times and longer distance between adiadeas indicated
in table 3.12 and 3.13. In the CWCMD, a message is forwarded fewer timeshame in
DBA-MAC on average which is caused by the longer distance betweenedjBMs in the
CWCMD.

BMs are selected along the road and due to the stripe-like shape of thineoBM network is
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Message rate CWCMD | DBA-MAC
0.5 5.57+£0.76 | 6.06 £+ 0.85
0.2 5.56 £0.75 | 6.05 £ 0.84
0.05 5.55+0.74 | 6.04 £0.84

Table 3.12: Average re-transmission times of DBA-MAC and CWCMD at a density of 60

CWCMD DBA-MAC
Aver. distance of adjacent BMs222.97 + 12.23 | 180.21 + 58.48

Table 3.13: Average distance between adjacent BMs of DBA-MAC and the CWCMDOet-a
sity of 60

a chain along the road. Therefore the longer distance among adjaceninBidates a smaller
number of hops in unit distance. This accounts for the increase ofgevéiatance between

adjacent BMs leads to a smaller hop number and further smaller average dela

The following data present the change of performance by each individheme.

cwcC MDC
Aver. distance of adjacent BMs222.73 + 12.56 | 176.43 4 60.01

Table 3.14: Aver. distance between adjacent BMs by two parts of CWCMD at a defi$ify o

The results in table 3.14 show that the CWC is the predominant source ofiparice improve-
ment. The CW scheme adopted in DBA-MAC provides the candidate of thegtighigability
with the highest probability of becoming the BM. The candidates of weaktatslity, how-
ever, are able to win the contention as well with lower probability. While in the GARC
due to the CWC, the candidate of the highest suitability finishes backofftprtbe candidates
of weaker suitability and becomes BM, unless the upstream BM fails to etieévmessage
from the candidate of the highest suitability. The chances of the candinfatesaker suitabil-
ity becoming BMs are reduced, at whatever density. Therefore, thraga/elistance between
adjacent BMs is increased in the CWCMD.

Figure 3.8, table 3.15 and 3.16 show how the vehicle density affects systéonrpance. At
low density, the location of winners of the BM selection are spread morsalgamnd unevenly

than at higher density. This means the possibility of a shorter distance aelwsitylis higher
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Figure 3.8: The CDF of propagation delay in both schemes at changing density wittatbe r
of safety message generation being 0.05

than the one at the high density and therefore, the average distancebetijacent BMs is

smaller than at the high density in both schemes.

Density per km 100 60 20
Delay /ms 1.065 £0.390 | 1.070 £ 0.360 1.096 £ 0.384
Retransmission times 5.51 £0.75 5.55 +0.74 5.77+0.73
Distance between BMs /m 229.05 &+ 7.86 | 222.97 £ 12.23 | 195.88 + 35.11

Table 3.15: Average delay, retransmission time and distance between adjacent BMe in
CWCMD in various densities

Figure 3.9, table 3.17 and 3.18 show how the background messages B)3ivifact the sys-
tem performance. With the increase of background message rate, thenmarce of safety
message propagation is degraded. From table 3.8, we see that the letigghbatkground
message is five times as long as the safety message. A transmitted backgr@sademsc-
cupies the channel longer than a safety message. Therefore, with tease®f background
messages, the rate of transmission failures and re-transmissions go efi as the waiting

time before transmissions. This account for the longer delay of safetyagess Even so,
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Density per km 100 60 20
Delay /ms 1.141 £ 0.473 1.144 £+ 0.280 1.156 £ 0.29
Retransmission times 6.03 +=0.83 6.04 + 0.84 6.15 +0.82
Distance between BMs /m 181.92 £+ 59.62 | 180.21 £ 58.48 | 170.41 £ 57.57

Table 3.16: Average delay, retransmission time and distance between adjacent BRMBAN
MAC in various densities

100%-

80%¢[

60%

—— CWCMD, rate of BG MSG 4
—— CWCMD, rate of BG MSG 2
CWCMD, rate of BG MSG 1
—— CWCMD, rate of BG MSG 0
---- DBA-MAC, rate of BG MSG 4
-- DBA-MAC, rate of BG MSG 2
DBA-MAC, rate of BG MSG 1
-- DBA-MAC, rate of BG MSG 0

40%;-

CDF of propagation delay
T

20%¢r

|
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Propagation delay at changing rate of background message

Figure 3.9: The CDF of propagation delay in both schemes in changing rate of BG ritlsg w
the rate of safety message being 0.05 at a density of 60
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the performance in the CWCMD outperforms DBA-MAC at all rates of baskgd message

generation due to the longer distance between adjacent BMs.

Rate of BG MSG 0 1 2 4
Delay /ms 1.070 £ 0.360 | 1.2104+1.020 | 1.337 +£1.481 | 1.641 £ 2.192
Retransmission times 5.58 £0.71 5.67 £ 0.79 5.71 +£0.84 5.86 = 0.99

Table 3.17: Average delay and retransmission time in CWCMD in various rates of lbackd

messages
Rate of BG MSG 0 1 2 4
Delay /ms 1.144 +0.280 | 1.290 £ 1.185 | 1.426 £1.503 | 1.688 = 2.178
Retransmission times 6.04 £ 0.84 6.10 +0.89 6.17+0.94 6.26 +£1.03

Table 3.18: Average delay and retransmission time in DBA-MAC in various rates dt-bac
ground messages

It is shown in the results that the retransmission time of messages is not sigfhifinareased
but the mean of propagation delay is increased by up to some 40%. Beforeetsage is
broadcast, the message generator senses the channel and transméschdfithel is idle. Due
to the length of the background message, which is 5 times longer than the safetage, it
occupies the channel longer and with the rise of background mesdageeasafety message
generators have to wait for a longer time before broadcasting the mesbadeleads to a

prolonged delay.

3.6 Conclusion

In this chapter, a novel metric, the DEFT, for proactive routing protosofgoposed, which
considers the impact of network formation on propagation delay. The meflécts the mes-
sage propagation more precisely than the delay only. In addition, the acavdf a routing
protocol, DBA-MAC, is analysed. Randomness of CW selection is the prnadmt reason
that a candidate with weak suitability is able to become the BM, which lowers thensyser-
formance. Therefore, a CW constraint scheme (CWC) and Minimum DistagcCriterion
(MDC) are proposed to improve the system performance in terms of prbpaglelay and
number of vehicles involved in the message transmission. The CWC is alsoadybplic the
VANET protocols adopting the CW mechanism to distinguish candidates. Withothbina-
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tion of the CWC and the MDC, the CWCMD, the safety messages can be ptepaigster
than with DBA-MAC.
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Chapter 4

Mathematical Models of DBA-MAC
and the CWCMD, and Optimal
Configuration of the System

4.1 Introduction

In the previous chapter, we summarised DBA-MAC, analysed its dravebe#t proposed an
improved scheme to speed up message propagation. In this chapter, mathlemadiels for
DBA-MAC and the CWCMD (DBA-MAC with CW Constraint scheme and Minimum @aisce
as criterion) are established based on statistical analysis, to predict astinate the BM
selection performance as well as to validate the simulation results. The mathémaiisds
indicate the winning probability of each suitable vehicle in a set of candiddtesnerical
methods are used to calculate the winning probability, which is a function afleetensity and

relative distance. Comparison between simulation results and the analygsakqresented.

We present the performance of DBA-MAC, the CWCMD and flooding, imteof propagation
latency, average transmission times and the DEFT (Delay taking into accauffect of
Formation Time). Results show that the CWCMD provides the best perfomaterms of fast
propagation. Besides, observation shows that the chang@ofand length of CW selection,
L, affect the performance of network formation time and propagation détayitaneously
in the CWCMD. The optimal performance of the DEFT is obtained by adjusiifig and
L. Simulations are carried out in this chapter to acquire the system configucdtaptimal

performance.

In addition, it is usually assumed that the location of vehicles follows a Poidistnibution,
particularly in network simulators in current literature. Yet, due to the existema security
distance the Poisson distribution cannot describe the location accuratatyvedistribution
of the following vehicles is proposed in this chapter, maintaining a securityndistbetween

adjacent vehicles in the same lane.
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The first contribution in this chapter is the statistical models that estimate the winrghgbil-

ity of suitable candidates. The second contribution is the application of tipeged metric to
the CWCMD to get the configuration of optimal performance by adjustingnpetexs related
to CW. Further, a practical distribution of vehicles’ location is proposedigahapter which

considers the security distance between adjacent vehicles in the same lane.

The rest of the chapter is organised as follows: section 4.2 describdsethretical models of
distance distribution in DBA-MAC and the CWCMD, with numerical results anahgarison
with simulation results. Section 4.3 describes the method and procedure imideténe sys-
tem configuration of optimal performance, which balances the propagigiag and network
formation time. In section 4.5, a novel location distribution of vehicles is preg@ghich in-
corporates a security distance between vehicles in the same lane and eptigmwith the

case of no security distance. Section 4.5 draws conclusions.

4.2 Mathematical Models of DBA-MAC and the CWCMD

In DBA-MAC and the CWCMD, BMs forward the safety message as sodhesreceive it,
with no backoff time. The delay for each single message in unit distance (isktherefore,
determined by the transmission time from the source to the last transmitter. With itsre B
within the coverage range, the message is forwarded by more BMs aneéltyewdll be in-
creased. For example, a safety message may be forwarded by ass@&WMaor, say, 7 BMs to
cover 1 km. The message propagation in the latter is approximately 40% loageh#one in
the former. The average distance between adjacent BMs is inverselyrpomal to the number
of BMs in a specific range. Therefore, the distance between adjadéshBs an impact on the

propagation delay.

To get the distance distribution of adjacent BMs, a mathematical model is ggdpwhich
indicates the winning probability of each candidate in a set of suitable cdadigdathe BM
selection phase. The winning probability is a function of the number of catetidrelative
distance to the nearest BM, and the speed distribution. The suitability ofczactidate is
expressed as the maximum value of the contention window as is shown in Egdidt{DBA-

MAC) and Equation 4.12(CWCMD). A numerical method is used to compute thaimgn

probability in the radio range, which is the distance distribution of adjacerd.BM
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4.2.1 Mathematical Models: DBA-MAC

In the BM selection phase of DBA-MAC, the candidate’s suitability depend#srelative
location to the nearest BM at the end of the period. The maximum backoff tiiig, for

candidate is,

As; + Av;t

=11
cw, < pus

> (CWmax - CWmm) + CWmm (41)

The backoff time, T, Of candidate is the product of the slot time and a random value,
CW/, which is uniformly distributed between 1 aativ;,

Tbackoﬁ = TslotCW@'/ (42)

where CW; is a randomly-selected number from 1@3¥V;. In this thesis, it is called the

countdown number.

The first candidate to finish backoff prior to others responds to théqueBM with a candi-
dature message and becomes the next BM after receiving the ACK mdssagée previous
BM. Other candidates suspend countdown and listen to the channel ifabeiye the candi-
dature message. In other words, a candidate with a unique mini@idthamong all of the
candidates becomes the next BM. If more than one candidate respotidssame time the
contention procedure restarts and the candidates select backaffmyragain in this analysis.
The winning probability is given by the probability thativ’, of all the other candidates is

greater tharC'W,. Therefore, the winning probability of candidatis written as:

P (CW}) = P (CW] > CW},CWj > CW/,--- ,CW}>CW/ k#i ,k€1,2,---,N)
(4.3)

SinceCW/ is randomly selected from 1 ©6W;, the distribution ofCW; is the reciprocal of

CWwW;
1
N —
p(OW) = & (4.4)

Using Equation 4.3 and 4.4 and the theory from Proakis [59], the probabflitandidate

winning in all cases is a weighted sum of the winning probability over all theiptesCTV/
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and the weight for each case is the probability that the case occurs, edriche derived as
Equation 4.5

CcwW;
P = Y PCW)p(CW))
ow/!=1
1 CW;
= o > P(CW]>CW/,CWj>CW/, -,
owl=1

CWIQ > CWiI7k 7& Zak € 1727 e 7N‘CWZ,) (45)

whereP; defines the winning probability of candidateN is the total number of suitable candi-

dates which are involved in the contention for the next BM, Wi/, defining the randomly-
selected value of candidakte

/
Movement direction |

e 10
BM 3
|
cw,
| O
Ccw, i
| cwy'
CW;

Figure 4.1: lllustration of CW random selection

Figure 4.1 illustrates how to calculate the winning probability for each individaadidate.
Take candidate 3 for example, if candidate 3 wins in the contention with thedmun number

CWi(1 < CW4 < CW3), the countdown number of other candidates will be greater than
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W,

Note that the winning probability can be zero. Take candidate 2 for exarfgeassume the
countdown number of candidate 2 @&W/. If CW, > CW3, all the possible countdown
numbers for candidate 3 are smaller th@#’,. Candidate 2 with its countdown number being
CW4L(CWY, > CW3) is unable to finish backoff prior to candidate 3, and consequently, the

winning probability of candidate 2 is zero.

The winning probability is acquired in the condition that the backoff time of theneiins the
only minimum. If more than one candidate finishes backoff and responds ®Mh&mul-
taneously, collision occurs and the BM fails to receive the candidatureagessiccessfully.
In the mathematical model, it is assumed that once collision occurs all the suitatolielates
restart contention and sele€tV/ again. The winning probability of candidaten the re-
selection procedure is as Equation 4.5 shows. The contention procszhtirues until the
unique winner is selected. In practice, if collision occurs, the BM fails teivecmessages
from candidates and it broadcasts the beacon again to restart thetmmpaocess which is

reflected by the mathematical model.

4.2.2 Simplification of Mathematical Models for DBA-MAC and its Calculation

In the BM formation phase, the backoff time is related to the relative distaocetfre candidate
to the last BM, the relative speed of the candidate and the maximum radiooiigeBMs. In
other words, the parameters required for the contention for each ed@didn be determined
by the candidate itself. No communication is required between the candidétessponding

to the BM and, therefore, the candidates are independent of each other

One property of joint probability distribution functions is that the joint praligbfunction
equals the product of the probability function of all variables if they arepesdent. For
example, if variableX andY are independent of each other, the joint probability function is the

product of the individual probability functions,

P(X,Y)=P(X)P(Y) (4.6)

According to the above property, the winning probability given a certaimtaiown number in

Equation 4.3 is rewritten as follows,
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P (CW}) =P (CW{| > CW}) P (CWj > CW]) --- P (CW}, > CW}) ,k # i,k € 1,2,--- | N

N
=[] P(cwi>cw))
k=1,k+#i
4.7)
And Equation 4.5 is rewritten as follows
. W
— . /
Pi= Gy 2 Biewi)
CW!=1
(4.8)
1 CwW; N
!/ !
= G > ( 11 P(CWk>CWi))
Cw!=1 \k=1k#i

Equation 4.7 shows that the probability of a candidate winning with a specifi@down num-
ber can be expressed as the product of the probability that this canfiidsites backoff prior
to all other candidates. Take candidate 3 in Figure 4.1 for example, thédoovmnumber is
CWj. Candidate 3 becomes the next BM only if it finishes backoff prior to candid and
2. To get this probability, what we need is the winning probability of candiBatger each
one. For any candidate, say candidate 1, if its countdown number is gtieate”1V;, then

candidate 3 responds to the BM prior to it. Therefore,

CWwWy — CWj
P ! H=—"""—"3 4.9
(cwy > Ccws) o, (4.9)
Generalising the above equation, we get the following equation, for catiedlid

CWy—CW! /

— L CWy >CW|
P (CW}, > CW}) = CWi F ‘ (4.10)

0 otherwise

Using Equation 4.10, the winning probability can be found in a simple way. Notataftthe
countdown number of candidateCW/, is greater than the maximum countdown number of

candidatek, CWy, the winning probability of candidaién this case is zero.
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With the above equations, the winning probability of a specific candidate igalble calcu-
lated. The statistical results of the winning probability as well as the distant#disn will

be presented in the following sections.

4.2.3 Mathematical Models: the CWCMD

The basic mechanism in both DBA-MAC and the CWCMD, that candidatessehacount-
down number for a backoff time to select a winner, is the same; therefexeshare a similar
mathematical model. Yet, a feature of the CWCMD leads to the changes in the gvjmoib-
ability, i.e., the range of CW selection, which accounts for the change in theematftal

model.

In DBA-MAC, the possible countdown number of the backoff rangemffioto C'W; for can-
didatei . The CWCMD raises the lower boundary such that the range of CW seldsti®
positive integerL. The possible countdown number of candidiate from CW; — L + 1 to

CW;. Consequently, the winning probability in Equation 4.8 is rewritten,

1 CWw; N
P= > 1 P(cw;>cw)) (4.11)

CW!=CW;—L+1 \k=1k#i

In addition, the suitability ranking of candidates leads to the change of the matical model:

B min(As;, As; + Av;t)
RR

CWz = (1 ) (CWmax - CWmm) + CWmm (412)

whereAs; is the relative distance from candidate 1 to the BM at the beginning of thedparid
Awv; is the relative speed between candidate 1 and theBMthe period of the BM network.
Figure 4.2 illustrates the calculation of the winning probability in the CWCMD. Thalkest
countdown number of candidate 1G81; — L+ 1, which is greater than the greatest countdown

number of candidate Z;15. The probability of candidate 1 winning over candidate 2 is zero,

P(CWy>CW{) =0 (4.13)

The range of CWL, is a value equal to or less th&iV,,,;,,, which is set to 15 in the system.

This is because the minimud@W; for any candidate i€'W,,;, according to Equation 4.12.
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All the candidates share the same range of CW selection diie to the next section, the

impact of L on system performance will be discussed.

(T
BM

Cw,

Movement direction |

i

2

CW,-L+1

cw,

Ccwy'

CW;

Figure 4.2: lllustration of CW constraint

4.2.4 Numerical Results of mathematical models and Simulan Results

Deduction in this chapter shows models which are used to predict the parioe of the BM
selection in DBA-MAC and the CWCMD. Jointly with the numerical results in thig,the
models are able to estimate and validate the BM selection in both DBA-MAC and ti&Mmy

4.2.4.1 Methodology

The PDF (Probability Density Functions) of the distance of the adjacent BMalculated

within the transmission range with 1 metre being the interval used in this thesis.

Note that the results in this chapter present the instantaneous traffic condRtiGepeed is

allocated to each vehicle to predict its location at the end of the period. Thiitsnobvehicles

is unnecessary and neglected, since the instantaneous traffic contlii@pplies to any time

instance throughout the period.

65



Mathematical Models of DBA-MAC and the CWCMD, and Optimal Configuratibthe
System

Only the procedure of network formation is simulated in this part. Once a BNtheebroad-
casts a beacon message to select the next BM, the following vehicles withiangsission
range calculate their suitability based on the selection criterion. In the simulasahs of this
part, the candidates are contending to be the BM by randomly selecting afbéiake, which
is the same as the simulations in Chapter 3. The difference between the reseltéad those
in Chapter 3 is that the phase of message propagation is excluded, sirsagmpgopagation
makes no impact on the BM selection. In the case of mathematical models, the afithihe

winning probability are calculated from the deducted expressions.

The Monte Carlo method is used to obtain the results. The random elementdiofaae

iterations are the location and speed of the vehicles. The differencedretive simulation in
this chapter and the one used in Chapter 3 is that the mobility is considereib pzeglict the
location of vehicles at the end of each period, yet the vehicles do ndttneaove, since the

results here show the instantaneous traffic condition.

4.2.4.2 System Configuration

The parameters used for calculating the numerical results, and the simukaogiven in
Table 4.1.

density | 60 perkm| speed | 64+ 6mph
lanes 4 L 4
CWinaa 1023 CWnin 15

Table 4.1: System Configuration

In Table 4.1, the CW rangd,, applies only to the CWCMD, since there is no selection con-
straint in DBA-MAC. The location of vehicles follows a Poisson distribution ia ttumerical
results. For the simulation, as adjacent BMs in the same lane cannot be leslselts@curity

distance, i.e. 50 metres, the distribution is not Poisson distribution for sistahde.

To get the numerical results, the location and speed of BMs and a semndiflates are pre-
defined to be able to derive the winning probability. By adding the results waftibas and
normalising the results, a statistical result is obtained. In the simulation, ondect#on

and speed of vehicles are predefined, the candidates start BM nefiovoréition using the

contention schemes instead of calculating the result from probability th@twy.results are
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presented below.

4.2.4.3 Theoretical Comparison between DBA-MAC and the Proposal

100% ‘
DBA-MAC
| ——CcwcMD i
80%L ——— CWC |
c
S
S L |
Qo
B 60%F- R
©
Q
(8] . o
C
8
0
T 40%[ 5
5
LL L _
o
O
20%;- R
0 50 100 150 200 250m

Distance between adjacent BMs

Figure 4.3: The CDF of the distance between adjacent BM in both DBA-MAC and the (WWCM
in numerical results

The Cumulative Distribution Function (CDF), of distance between adjac®fg B both
schemes are presented in Figure 4.3. In DBA-MAC, the distance betwgereat BMs spreads
from zero to the radio range. The gradient of the CDF rises with the isereiedistance. This
is because in DBA-MAC the candidates with weaker suitability have greatev@we and
the probability that a vehicle with weaker suitability finishes backoff prior teehicle with
greater suitability is small. Yet, the vehicle with weaker suitability still has a chane@tthe
contention. Therefore, the CDF curve is non-zero at any distancde Whhe CWCMD, the
lower boundary of candidates with weak suitabilityi8V; + L. — 1 instead of 1 in DBA-MAC.
Such candidates with weak suitability are unable to finish backoff prior toahdidates with
greater suitability, i.e. those whose maximum countdown number is lesgtign+ L — 1.
As the curve reflects, the CDF of distance less than 150 metres in CWCMD istahem.
This figure shows that the CWCMD results in a longer distance betweeneadjBdls than
DBA-MAC.
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By examining the PDF curves in Figure 4.4, a reduction in probability can bereéd close
to the radio range. In the BM selection phase in both schemes, the candidatieg out of
a BM's radio range at the end of the period are excluded from the dimtenThey are the

reasons for the sharp slope in both curves.

DBA-MAC
3%r| —— CWCMD
— CWC

2%

1%

PDF of distance distribution

0 50 100 150 200 250 m
Distance between adjacent BMs

Figure 4.4: The PDF of the distance between adjacent BM in both DBA-MAC and the QWCM
in numerical results

Figure 4.3 shows that the majority of performance improvement is due to thedD@{raint
scheme (CWC) in the CWCMD. The improvement of the average BM distancepioe
imately 0.7 metres by the change of Sl, i.e., minimum distance as criterion (MDC) in the
CWCMD. Analysis in Chapter 3 indicates that the change of Sl affects thdidate with

the highest suitability only when the overlap of the relative distance thraudhe period ex-

ists between the candidate with the highest suitability and other candidatesnabse CW
constraint scheme. The case of overlap occasionally occurs and treséagon that the MDC

improves the system performance slightly.
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Figure 4.5: Comparison of the distance CDF between numerical results and simulation in
DBA-MAC

4.2.4.4 Comparison between Theoretical Results and Simulation Ressilt

Figures 4.5 and 4.6 are the comparison between numerical results and simrastidts in
both schemes. Analysis and simulation differ from each other in the distastcd&uation only.
In the analysis, all the vehicles on the highway follow a Poisson distributienpénameters
of which are specified by the vehicle density. While in the simulation, the vehicliesv a
Poisson-like distribution, with a security distance existing between congewaticles in the
same lane. The security distance is set to 50 metres at the density of 60 ¥pleiclélometre
on four lanes. The security distance is the approximate distance that tleeegies through

in 2 seconds.

In Figure 4.5, the gradient changes at 50 meters. The gap between simaladi@nalysis is
insignificant and the PDF curves show the change more clearly, as ireFgur The security
distance accounts for the spike at 50 metres in the PDF of simulation resulB*eMAC, as

is shown in figure 4.7. In the simulation, BMs in the range from 0 and 50 metressponds to
the vehicles in different lanes. From 50 metres on, BMs can be in the samefltre upstream

BM, and these vehicles are the source of spikes in the simulation curve.
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Figure 4.6: Comparison of the distance CDF between numerical results and simulatibe in
CWCMD
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Figure 4.7: Comparison of the distance PDF between numerical results and simulation in
DBA-MAC
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It is noticed that a gap exists in the CDF between numerical results and simslafidhe
CWCMD. This is mainly due to the location distribution of the vehicles. This carxpmed

using order statistics.

To show the impact of the location distribution on the distance distribution of Bihdsspeed
of each vehicle is set to zero. In this case, the farthest candidate isshedpelidate to be the
next BM according to the suitability criterion and the distribution of the fartbastidate is
the distance distribution of adjacent BMs. At a density of 60 veh/km, theragproximately
14 vehicles within the radio range on average. The location distribution ofttheandidate

amongn candidates is written as Equation 4.14 from the theory of order statistics [60]

n!

(& —1)l(n — k)

The distribution of the last candidatesncandidates is

Pr(k) = F(z)F ' [1 — F (2)]" 7% f() (4.14)

Pr(n)=n[F )" f(y) (4.15)

wheref(y) is the PDF of the vehicles locatiof;(y) is the CDF of the vehicles location. The
CDF of the last candidate in both order statistics and the simulation of the CWCMDhar

relative speed is shown in Figure 4.8.

Between the results of order statistics and the simulation of the CWCMD, the mtaredite
lies in the location distribution of vehicles. In numerical results, all the vehfolésv a Pois-
son distribution. While in the simulation they follow a Poisson-like distribution withusgc
distance. The security distance in the simulation causes the differenceebetineelocation
PDF/CDF of all candidates in the simulation and numerical results. In the nuahersgults of
order statistics, the 14th candidate after the BM is the farthest candidatieeandhner. Its PDF
is expressed as Equation 4.15 where-= 14. In the simulation, however, due to the security
distance, botff (y) andF'(y) change, which leads to the changdf(14) in the simulation. In
addition, in the simulation without speed, due to the randomness of the vehitlbudien, it
is hard to guarantee the last candidate within the radio range of a BM is tbificpandidate,
i.e. 14th candidate. It may be greater or less than 14. This also changéisttit®ition of
adjacent BMs. The change of location distribution of vehicles also atsdonthe gap of the
CDF of DBA-MAC in both the simulation and analysis.
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Figure 4.8: The CDF comparison between the simulation of the CWCMD with no speed distri-
bution and the last candidate in order statistics

4.3 Optimal Configuration Based on the Proposed Metric

In the CWCMD, the main feature is the confined range of CW selection. Hidate: is the
winner in the contention and the length of CW selection is sdt,dke possible backoff time
for the winner is fromC'W; — L + 1 to CW;. Backoff time and transmission time of the beacon
and ACK by each winning candidate define the network formation time. He&nide,,... and

L which determine the backoff time also relate to formation time. As for the propagigiay,

it is related to the number of times a message is forwarded and thereforestiagedistance
in between adjacent BMs matters.WW,,,,,. takes an impact on the ability of the system to
distinguish candidates. With a smalléW,,,,, and greater., multiple candidates may have
the same upper boundary of the countdown number and there will be a robhhility of
identical countdown numbers, which reduces the probability of the mosbkruitandidates
to win, resulting in a longer propagation delay. To show the impaat'®f,,,, and L on
formation time and delay, a series of simulations are conducted. In the simulagoshow
the performance in terms of network formation time and average distancedretgigacent
BMs in the CWCMD for variousC W, and L. The value olCW,,,,,. is 2" — 1. To improve
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the accuracy of results, the median points between conseciiiiVg,, are also adopted as

CWae- And L changes from 1 t6'W,,;,,, which is 15 in the configuration.
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Figure 4.9: Impact of CW,,,,, and L on the formation time

Figures 4.9 and 4.10 present the effect of changing parameters oorthatibn time and the

average distance between adjacent BMs at the density of 100 veh/km.

Figure 4.9 indicates that a largéfiv,,,... results in a longer formation time in the CWCMD.

In the CWCMD,CW; is a linear function ofCW,,,,.. as Equation 4.12 shows. This accounts
for the relation betweef'W,,,,. and network formation time. It can be seen that at the same
CWae @ smaller range of CW selection increases the formation time. This is because the
minimum backoff time for each BM i€'W; — L + 1 and a smallel. increases the minimum
backoff time for each winner in the BM selection phase.JAscreases, the winning candidate

is able to respond to the BM in a shorter time which reduces the backoff timelbasitbe

formation time.

The effect of changing'W,,.... and L. on the average distance between adjacent BMs is pre-
sented in Figure 4.10. The average distance rises with an incre@sifg,,.. This is because
CW e determines the ability to distinguish between candidates. The maximum countdown

number for candidaté C'W;, is proportional toC'W,,,.. as Equation 4.1 and 4.12 show. We

73



Mathematical Models of DBA-MAC and the CWCMD, and Optimal Configuratibthe
System

228 mg

2241

——L=5
——L=6
——L=7
L=8
——L=9
L=10
——L=11
——L=12
——L=13
——L=14
——L=15

2201

216

Average distance between adjacent BMs /m

212¢

0 200 400 600 800 1000
CWmax in density of 100 veh/km

Figure 4.10: Impact ofCW,,., and L on the average distance between adjacent BMs

define a suitability index for candidatesSI;,

As; + Av;t
S, = 25T AU 4 DBA-MAC 4.16
R (4.16)
SI, — mm(ASi’RA]?+Avit),forCWCMD 4.17)

Therefore, the relation betweériV; andi; is

(jI/VZ = (1 — SIZ) (CWmaz — CWmm) + CWmm (418)

The difference between the maximum countdown number of candidatel &, ACW;;. is
therefore given by
ACWy, = (SIk - SIZ) (CWmaz - CWmm) (419)

Equation 4.19 shows that for two candidates the ratio betws@h;;, and the suitability dif-
ference iICW, 00 — CWiin. If CWi, is set to be a constan®; W, determines the ratio.

In other words, the candidates are able to be distinguished by adaigg,. even if the gap
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in the Sl is small. Hence, the value 6V, is the crucial factor to distinguish the candi-
dates. This explains the reduction of the average distance at a smaller @Wv&dk ability
to distinguish between candidates, collision between the responses indidatas arises with
relatively high probability which increases the possibility that candidates watitkvguitability

win the contention. The average distance between adjacent BMs deceea®rdingly.

In addition, for each specifi€W,,.., the selection rangé determines whether there exists an
overlap of backoff time of candidates and how large the overlap is, asvasim Figure 4.11.

With longerL, the overlap of possible backoff time among candidates rises, which seséze

/

Movement direction

L]

BM T
1
, ‘ L |
Cw,
, L+K |
+K<
b L+K |
Ccw,

Figure 4.11: Impact of L on the BM selection

probability that candidates with a weaker suitability will win in the contention. Tboé®ants

for the reduction of the average distance between adjacent BMs.

As CW ... decreases, the ability of the system to distinguish between candidates secome
weaker. An increasing number of candidates have a similar countdown nuvithehe de-
crease ofCW ..., Which also raises the winning probability of candidates with weak suitabil-
ity, as is shown in Figure 4.12. This is the reason that the average distetveeen adjacent

BMs decreases more with a longeasCW,,,, decreases.

Figures 4.9 and 4.10 reveal that with the increas€'@f,,,..., both the formation time and the

average distance are increased. Balancing the formation time and thgeadéstance is the
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Figure 4.12: Impact of changing”'W,,,.,. on the BM selection a& is a constant

key in the optimisation.

Figure 4.13 presents the performance of diffe@ht,,,,,, andL in terms of DEFT. All 6 curves
are concave, although at density of 60 and 100 the increase(8ftgr,.. = 255 is small. At
density of 20, the minimum delay occurs whéiW’,,.... = 127,L = 1 and at density 60 and 100,

it is whenCW,,.. = 255,L = 1. In all the curves, the descending part before the minimum is
due to the increase of the average distance between adjacent BMs.réas@of the average
distance makes a more significant contribution to the proposed metric contpdogthation
time. After the minimum the curves rise with the increas€'d¥,,,,... This is because from the
minimum point the change &'W,,,,,. affects the distance between adjacent BMs little while

the formation time of the network still has an impact on DEFT.

Itis noticed that at a low density, e.g. 20 veh/km, the ascending trend afterithimum point is

more significant than the one at higher density. At a low density, since thgdadistribution

of vehicles is more sparse, the range of possible distance betweennadjdtsis wider than
at a higher density, which expands the formation time on average. Figufeholvs that the
system spends increasing time to form the network from the high density toitdelsity.

Therefore, according to the analysis, the optimal performance of thensydepends on the

density. At high density, e.g. 60 and 100 veh/km, to get the optimal perfa@@mV,,, ... is set
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Figure 4.13: The performance of the CWCMD at all densities with chang€1éf,,,,. and L

to 255 andL is 1. While at the low density, W,,,... can be set to 127 ankito 1. Accordingly,

with density diminishing, decreasing\v,,.... is the method to get the optimal performance of

the system. In all cases, confining the randomness of CW selection is avaappo improve

the performance of the BM selection.

4.4 Location Distribution with Consideration of Security Distance

The results in Chapter 3 and in this chapter show that the difference betheesimulation and

the numerical results stems from the ideal location distribution, in which thevetdcle space

is assumed to be exponentially distributed and the security distance is negl@clechtion

distribution which incorporates the security distance among adjacent vehidlee same lane

is proposed in this section. The distribution aims to provide a more accuratevesyimate

the location of the vehicles in the numerical results.
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Figure 4.14: Impact of the vehicle density aiddV,,,,,. on formation time

4.4.1 Analysis of the Existing Location Distribution

In the previous research in this chapter, it is assumed that the vehicles bigtiway follow
a Poisson Distribution in the numerical results. The results in Chapter 3 an iohidwpter
indicate that in a realistic scenario, in which the location distribution is not the Rig@akon
distribution, the system performance is affected, as well as the distributiBMs. The gap
between the simulation results and the numerical results is caused by thgysiistance of the
location distribution in the simulation. In this section, the location distribution of spebific
following vehicle after a reference vehicle is derived, where a secdistyance between the

adjacent vehicles in the same lane is maintained.

In the ideal case, the vehicles on the road follow a Poisson distribution,

e
PD (k,z) = (’”“’)k?, k>0 (4.20)

wherep is the vehicle density in veh/m arfeD (&, ) is the probability that there akevehicles
in a segment of road af-metre length. If the vehicles’ location follows a Poisson distribution,

then the distance interval between consecutive vehicles is exponentidtiputisd. The distri-
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bution of the distance between consecutive vehidi#s(x), is

ED (z) = pe?* (4.21)

For thenth following vehicle, its distance from the lead vehicle is the sum @idependent

distances. This is given by an Erlang distribution

pnmnflefpx

ErD (z,n) = T (n)

(4.22)

wherel'(n) is the Gamma function.

It is noted that the vehicles on the road are distributed on the lanes equaligydpendently,
regardless of the lane of the vehicles ahead. Thus, it is possible in the thatne distance
between two consecutive vehicles is smaller than the security distancétediepvehicles
being located in the same lane. The occurrence of this case is related tartbermaf lanes,
with a higher probability in the case of fewer lanes. The gap between naheggults and
practice accumulates with any increase of the vehicle indéteglecting the security distance
leads to obvious difference of vehicle distribution, which is embodied in thesBMction in
both DBA-MAC and the CWCMD, as is shown in the previous results in thistenap

4.4.2 The Proposed Distribution

The main difference between the proposed distribution and the expordistiéddution lies in

the consideration of the security distance between adjacent vehicles iartieclane. In the
exponential distribution, the distance between adjacent vehicles in the saenis lzeglected,
which is far from being the practical case. The basic assumption in thegedmistribution is
that the security distance is set as the minimum value of the distance betwesmadghicles
and this distance still follows an exponential distribution. The proposedhdiston is given

the name EDSL, short for Exponential Distribution with consideration oti8gadistance and

Lanes.

The other difference is that in the proposed distribution the lanes of tideareaconsidered. A
vehicle is either in the same lane as another one, or is on a different lasend¥ement and

location of vehicles on different lanes are independent.

79



Mathematical Models of DBA-MAC and the CWCMD, and Optimal Configuratibthe
System

4.4.2.1 Location Distribution of Vehicles on the Same Lane as the Refamnce Vehicle

For adjacent vehicles in the same lane, the distance between them intespa@acomponents,
i.e. the security distance and the additional distance. The part of thatgatiatance is a
predefined constant related to the vehicle density. The part of the a@diitistance follows
an exponential distribution. In other words, the distance between adjsefginles in the same

lane follows an exponential distribution with shift, that is

fs(1,2) = pe P@=SP) [ (1 — SD) (4.23)

wheref,(1, x) is the PDF of the distance between adjacent vehicles in the samefléhger)

also represents the location distribution of the 1st following vehicle in the sameeala the
reference vehiclefs(n, z) indicates the location distribution of teh following vehicle in the
same lane as the reference vehicle. The reference vehicle can betacig that is on the road.

x, a hon-negative value, is the distance between two vehicles and at ttierlaafahe reference
vehiclex = 0. The distance: is the distance between the projections of two vehicles on the
roadside instead of the physical distance between the vehiElég.represents the heaviside
step function,H(z) = 1 asz > 0; otherwise,H () = 0. Equation 4.23 indicates that the
location distribution of the 1st following vehicle after the reference vehicknigxponential

distribution with a shift along the reverse direction of movement.

Since the relation in equation 4.23 applies to all the vehicles in the same lane,tthmition
of the distance from the reference vehicle to the 2nd following vehicle eaabained by

convolution:
£o(2,2) = fo(1,2) % fo(1,2) = pPe P 25P) (¢ — 2SD)H(x — 25D) (4.24)
In the same way, the distribution of the 3rd and 4th following vehicles are

Fs(3,2) = fo(1, @) % fo(2,2) = p;ef)(MSD) (x —3SD)*H(x — 3SD) (4.25)

fo(d,2) = fo(1, @) % fo(3,2) = pf;lep(“w) (x —4SD)3H(x — 4SD) (4.26)
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The location distribution of theth following vehicle is
fs(n,x) = ﬁe_pu_"sm(x —nSD)" VH (2 — nSD) (4.27)

Equation 4.27 presents the PDF of tith following vehicle after any vehicle in the same lane.

Therefore, the CDF of theth following vehicle is

Fun,z) = /O fu(n, y)dy
pn

n i—1 _ s\sgn(i—1)
IRV (S TU)

o) ~ 2" (4.28)

i=1

wheresgn(x) represents a sign function. Equation 4.28 and equation 4.27 apply fmtageh

on each individual lane.

4.4.2.2 Location Distribution of Vehicles on a Different Lane from the Reference Vehicle

The distance from theth following vehicle > 2) in a different lane to a reference vehicle
is the sum of 1) the distance from the 1st following vehicle in a different tarike reference
vehicle and 2) the distance from the 1st following vehicle tosttte following vehicle in the
same lane. The distribution of the latter distance has been obtained in theclish.sd he
distance distribution between the reference vehicle to the 1st followingleehia different

lane will be shown in the following section.

The movement and location of the reference vehicle are independemttie 1st following
vehicle in a different lane. Figure 4.15 provides an illustration of the disté@tween the

reference vehicle and the 1st following vehicle in a different lane.

As is shown in figure 4.15, the distance from the reference vehiiidéane1 to the 1st follow-
ing vehicleb in lane2 is x. The distance from vehicleto vehiclec, the one that is ahead in the
same lane, is. And the distance from vehicleto c is y. Therefore, we have = z — y. Since
the distance of adjacent vehicles in the same lane follows an exponentidudistr with shift,

as has been shown in the previous section, the distributiensof

fz(2) = pePE=SPI (7 — SD) (4.29)
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Vehicle ¢ Z 1t following vehicle b of

reference a

Figure 4.15: lllustration of the distance from the reference vehicle to the 1st following vehicle
in a different lane

The movement and location of vehicles in different lanes are indeperntergfore, vehicle
can be anywhere between vehiélandc. The location of reference vehicteto vehiclec, y

follows a uniform distribution ot

1
>y € O, z
fy(y) = [ _ | (4.30)
0 otherwise
The CDF of the distance from reference vehicl® vehicleb, x, is given by:
Fd(l, x) = Fx({L‘)

= Plz—y<ux) (4.31)

= Ply=>z-ux) (4.32)

— [ 1w 2)iua: (4.33)

— [ W sa)ia: (4.39)
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Equation 4.31 is discussed in two conditions, ez SD andx < SD. Inthe case of > SD,

Fx(z) = / Iy (y) fz(2)dydz

T z +oo z
— [ [wwdvsiz+ [ [ rwdusaea: @39
SD 0 T z—=x
x —+00
. pe—P(z—SD)
- / pe=PE=SD) g, 1 / e g, (4.36)
z
SD T
= 1—eP@5D) 4 gpePSP By (zp) (4.37)
where E; and E; are exponential integralsy;(z) = — [ *~dt and By (z) = [ S—dt. As
—x 1
x < SD,
Fe(@) = [ hwize:
+oo 2z
- [ [ nwdutaiz (4.38)
SD z—x
= xpepSDEl(pSD) (4.39)

Combining Equation 4.35 and Equation 4.38, the CDF of the distance fronenefevehicle:

to the 1st following vehiclé in a different lane is

Fy(1,7) zpe?*P E1(pSD) 0<2<5D (4.40)
d\1, ) = .
1 — e P@=SD) 4 15erSD R, (zp) x> SD

Therefore, the PDF of the distanges

SD
il ) = { peP? P E1(pSD) 0<z<SD (4.41)

pe=P@=5D) 1 PSP B (2p) — xpePSP Ey(zp) x> SD

e %P

whereEy(xp) = T

F;(1,z) and f4(1,z) present the CDF and the PDF of the distance between the reference
vehicle to the 1st following vehicle in a different lane. To obtain the distributibthe nth
following vehicle in a different lane, the distribution of the following vehicleshia same lane

is adopted.
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fd(nvw) = fd(lvx) * f8<n - 17$) (442)
Fyln, ) = /0 "Ly * fuln— 1, )dy (4.43)

wherefs(n — 1, z) is the PDF of the:{ — 1)th following vehicle in the same lane.

4.4.2.3 Location Distribution of the nth Following Vehicles Regardless of Lanes

Thenth vehicle from the reference vehicle is the one which isrttieclosest to the reference
vehicle in the following direction, regardless of the lane of vehicles. Thatima distribution
of thenth following vehicle is deducted based on the location distribution of the veliicteg

same lane and in the different lanes to the reference vehicle, using thg tfieoder statistics.

The location of the reference vehicle is assumed to be 0 on the road. pecificslocationz
(x > 0), the number of potential vehicles at this location is related to the raticc@iecurity
distanceSD, and the number of laneSN. The number of all the potential vehicles at the
location = needs to be considered, since each potential vehicle could bethhillowing

vehicle.

Maximum Number of Potential Vehicles at a Specific Locationz The calculation of po-
tential vehicles is also implemented from two standpoints, i.e., the same lane arerendif

lane from the reference vehicle.

In the same lane as the reference vehicle, there is no vehicle within theotuisge from 0.

The distance from the adjacent vehicle to the reference vehicle is equagiteater thars D.

For the same reason, the possible location of the 2nd following vehicle toféremee vehicle
starts from2S D, and so on. Therefore, the maximum number of potential vehicles in the same

lane as the reference vehiclg,; is
Xz

Ng = LsiDJ

(4.44)

In a different lane, which is free from the security distance of the egiez vehicle, the location
of the 1st following vehicle starts from 0. The location of the 2nd vehicle inl#mis is greater
than SD, and so on. Therefore, the maximum number of potential vehiclediffeent lane
to the reference vehicléy,;, is
o
Ny =|— 1 4.45
dl LSDJ + ( )
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Therefore the maximum total number of potential vehidligsat a specific location is
Ni(z) = Ng(2)(LN — 1) + Ng(x) (4.46)

whereLN is the number of lanes.

Probability of a Specific Vehicle as thenth Following Vehicle at the Location xz At «,
there areN,; potential vehicles. Any of these vehicles can besiliefollowing vehicle, since
the PDF of any of these vehiclesats non-zero, but with various probabilities. For a specific
vehiclej, the CDF of its location i$”; (), j = 1, ..., N;. Note that vehiclg can either be in the
same lane as the reference vehicle or in a different lane, and the laphioley is neglected
here. Assume that vehicleis thenth following vehicle after the reference vehicle, with- 1
vehicles being ahead of vehicjeand others following it. Take the case df = 7 andn =

3 for example, as is shown in figures 4.16, 4.17 and 4.18. The scenagi® whhiclej is

the nth following contains several cases, i.e., the vehicles ahead could bédegehiandx2,

as is shown in figure 4.16 (combination 1), or vehici@sandz4 in figure 4.17 (combination
2), vehiclesz1 and x4 in figure 4.18 (combination 3), and so on. The probability of each
combination is determined by the location distribution of/éjlvehicles. Taking combination

1 as an example, the probability that the location of vehicleandz2 is less tham is F,; ()
andF, (z). The probability that the location of vehicle3, x4, 5 andx6 are greater thanm is

1 — Fpg(x), 1 — Fyy(z), 1 — Fp5(x) andl — Fye(x), whereF;(x) is the CDF of the location

of vehicle: relative to the reference vehicle.

According to the property of non-identically-distributed variables in osdatistics [61], the

probability of vehiclej as thenth vehicle at locatiorr in combinationl is

Pr;(x,n( 11 Fi(x)) fj(x)( 11 (1Fk(x))) (4.47)

1=x1,T2 k=x3,...x¢

The probability of vehicleg as thenth vehicle at locatior: in combinatior? is

Pri(x,2)= [ [[ Fi@) ] fi@) [T «-F@) (4.48)

1=x2,T4 k=z1,73,25,T6
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Figure 4.16: lllustration of vehiclej as thenth vehicle, combinatiof
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Figure 4.17: lllustration of vehiclej as thenth vehicle, combinatiof
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Vehicle SD Vehicle/

ciD i)

il

Vehicle x;

Vehicle x; Vehicle x5
mimi
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Movement direction

A

Figure 4.18: lllustration of vehiclej as thenth vehicle, combinatiof

The probability of vehicleg as thenth vehicle at locatiorr in combination3 is
Pri3)=| 1] F@|fH@ | [ Q- F@) (4.49)
i=x1,T4 k=x2,r3,25,T6
The probability in all the other combinations can also be expressed in the syne w

To make Equations 4.47, 4.48 and 4.49 general, the probability of vetasléhenth following
vehicle at location: is written,

n—1 Ny
Pri(z) = (H Fa, (:c)> fite) | TI (= Fr() (4.50)
a;=1 fi=n+1

whereF, () and Fy(x) represent the CDF of the vehicles ahead and the following velicle

respectively.

The probability that vehiclg is thenth vehicle in all combinations can be written as

Pri(z) = > Pri(z) (4.51)

AllCombinations

Since every vehicle amonly; vehicles can be theth following vehicle, the location PDF of
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thenth following vehicle is

Nt
PDF, =Y Pr (4.52)
j=1

Issues of the Combinations In Equation 4.51, all the combinations are considered. Some
combinations, however, are unrealistic. For example, it is impossible fohigleewith a
greater index in the same lane as vehjck® become the vehicle ahead and these unrealistic
combinations lead to deviations in the results. Here are the principles fodexglunrealistic

combinations:

1. The vehicles with smaller indices than vehigland in the same lane, are always the vehicles
ahead of vehiclg, thenth following vehicle. If the number of vehicles ahead of vehigcie the
same lane is greater than numlgit is impossible that vehiclg is thenth following vehicle

and the probability of this combination is O;

2. The indices of the vehicles ahead in a different lane from vehiele always consecutive
and start from 1; otherwise, the possibility of this combination is 0. For exaraptame that
there are three vehicles in a different lane, say lAn@mong the vehicles ahead of vehigle
The three vehicles can only be the 1st, 2nd, and 3rd vehicles irdafdne combinations with
no consecutive indices, e.g. 1st, 2nd and 4th, and so on are unreaitibeaprobability of

these combinations is 0.

After excluding all combinations fulfilling the above principles, the remaininglgimations

are realistic and practical.

4.4.2.4 Selection of Parametep

In the exponential distribution which describes the inter-vehicle spac@gattanetep is ob-
tained directly from the density. Yet, in the proposed distribution, the sedlistgnce has to
be incorporated intp, since the minimum distance gap between adjacent vehicles in the same

lane is the security distance instead of O in the exponential distribution.

The parametep represents the number of vehicles in the unit distance, i.e. vehicles per meter

in this thesisp in exponential distribution is

VD

erp — 4.53
Perr = 1000 (4.53)
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where VD indicates the vehicle density, i.e. vehicles per kilometre.

In the proposed distribution, a security distance is guaranteed betwgarmridvehicles. In
other words, if the security distance is eliminated from the interval of eathopadjacent
vehicles, the vehicles locations follow a strict exponential distribution. &fbeg, p in the

proposed distribution is
VD

= 1000— VD - SD 459

whereSD is the security distance which relates to the vehicle density.

4.4.3 Results and Comparison

The results here present the CDF of vehicles’ location in the same landfi@nerd lanes to the
reference vehicle at a density of 60 veh per km and 4 lanes. Thatyadigtance at this density
is 50 metres. The results of the EDSL are compared with the results of amgBEitdribution.

The distance distribution of theth following vehicle to the reference vehicle follows an Erlang
distribution, which is equivalent to cases where 1) the location of vehiolemsms a Poisson

distribution, and 2) the inter-vehicle space follows an exponential distrilbutio

100% ———— e —
s//f' / /i .
L / / ]
' ,/ 1
80%|- 1
] 1 /
S 60%F r———r :
I i —— Simulation: 1st vehicle
2 | | ) — Simulation: 2nd vehicle
5 Simulation: 3rd vehicle
L { ~— Simulation: 4th vehicle
0/ |
8 40% / i /| Simulation: 5th vehicle
L | -~ Proposal: 1st vehicle
-~ Proposal: 2nd vehicle
20%: ! Proposal: 3rd vehicle
| ---Proposal: 4th vehicle
L f / Proposal: 5th vehicle
| I LA I I I
0 100 200 300 400 500 m

Distance from the reference vehicle to a specific following one on the same lane

Figure 4.19: The CDF comparison of the following vehicles in the same lane as the reéerenc
vehicle, density 15 per km per lane
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Figure 4.20: The CDF comparison of the following vehicles in a different lane from the-refer
ence vehicle, density 15 per km per lane

Figures 4.19 and 4.20 present a comparison of the following vehicles imthe kne and in
a different lane from the reference vehicle between the simulation resdltha numerical re-
sults. In both the same lane and different lanes, the numerical resultdgeosvestimation with
only up to 10% errors. This is because the security distance is incorganédehe exponential

distribution which leads to a more realistic estimation than the exponential distribution.

Figure 4.22 shows that the gap between the proposed distribution and tHatEimuesults
rises with the index increasing, yet the distribution still overtakes the Erl@stghdition in
figure 4.21 in terms of the location range. The inter-vehicle space in thegediatribution
spreads from 0, which leads to the unrealistic location of the following vehieie example,
the probability of the 9th following vehicle in the range from 0 to 50 (securitiadice) is non-
zero, which means that there may be 9 vehicles within the range, but this issitleodn the

EDSL, due to the consideration of the security distance, the occurrénedioles within this

unrealistic range is avoided.

The errors between the numerical results and the simulation in figure 4.22 rstenthie de-
pendence on the vehicle location. The PDF of each individual vehicleepandlent function

related to the location of the vehicle ahead due to the existence of the secdstatyceé. And
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this matches the PDF of the vehicles in the same lane in which the first nonaesstarts
from the integral times of the security distance. In the results of the locatidrbdison of
thenth following, however, the location of a vehicle makes no impact on the otbieise the
variables of location are independent in the numerical results; theréf@rsecurity distance
between adjacent vehicles in the same lane cannot be guaranteed.dhizlaiwith vehicle

(1 — 1) ahead, the location of vehiclés always equal to or greater than the location of vehicle
(i — 1) plus a security distance in the simulation. While in the numerical results, velgele

be anywhere only if vehicle is following vehicle(i — 1), since they are independent. The
independence of the variables in the numerical results reduces the diftamcthe reference
vehicle to any following vehicle. This accounts for the smaller distance ofuheenical results

at the same quantile with the simulation results.

4.5 Conclusion

Mathematical models are proposed for both DBA-MAC and the CWCMD toigraad val-

idate the system performance. Simulation and numerical results show thatM@&10 out-

performs DBA-MAC in terms of propagation delay and average transmisisi@s in various
scenarios. The CW constraint scheme in the CWCMD,which weakens ttlemaress in CW
selection, is the key factor to improve system performance. In additiong#earch in this
chapter shows that due to the restricting relation between the network fomtiatimand prop-
agation delay, the configuration for optimal system performance, in terthe ®EFT, can be

found by adjusting CW related parameters.

In addition, it is often assumed that all the vehicles on the highway follow a@woidistribution
even for vehicles in the same lane. In practice, a security distance haguatamteed between
adjacent vehicles in the same lane. In this chapter, the proposed distriERiSh which
considers the security distance between adjacent vehicles in the sameduaitepa more

practical method for modelling traffic.
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Chapter 5

Impact of Obstacles on Network
Connectivity and System Performance

5.1 Introduction

A significant body of existing literature assumes the signal transmission irEWANs ideal, i.e.
the vehicles within the radio range of the transmitter are able to receive tha sigicessfully.
All the factors which affect communication have been ignored. Experin[é8t54] have
shown that vehicles on the road interfere with the communication, e.g. wedhkesignal
strength from the transmitter, which leads to the condition that the vehiclesalpéeito receive

the signal from the transmitter even if it is within the radio range.

To show the impact of vehicles between the transmitter and the receiver rmad pigpaga-
tion, network connectivity is studied in this chapter with consideration of olesta System

performance of different propagation schemes is presented andadaly

The chapter is organised as follows. Section 5.2 presents existing wockrting obstacles
on signal propagation in VANETSs. The impact of vehicles as obstaclestwork connectivity
is analysed in section 5.3. Section 5.4 explores the effect of obstaclgstemsperformance
and the necessity to consider them. In section 5.5, an improved schemeauigbran which

the heights of vehicles are considered, is proposed. Section 5.6 cesthid chapter.

The contributions in this chapter are, 1) analysis of network connectivityaensideration of
obstacles and 2) analysis of the impact of obstacles on system perforfoaddéerent prop-
agation schemes, and 3) the effect of height consideration in the BMiselen propagation

performance.
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5.2 Obstacle Effects and Signal Attenuation in VANETSs

In the network simulation of VANETS it is commonly assumed the vehicles within thie ra
range of the Tx are able to receive the signal equally. Some factorsremedyin this assump-
tion, such as roadside buildings, trees, vehicles in between the transmit@n@the receiver
(Rx), and the terrain, which causes reflection, diffraction and scaite8nperposition of sig-
nals may lead to signal fading due to phase shifts. Accordingly, vehiclemlith radio range

of the Tx may fail to receive the signal.

Highway road tests were conducted [32, 33] at frequencies of 2.45&8id 5.2 GHz. Mea-
surements [32] on an expressway section with nearby office buildings eemducted on two
vehicles travelling in the same direction at 2.45 GHz to extract the characteasticparame-
ters of a vehicular channel. The experiments [33] on the highway withriabtdldings near
the road are described and the experimental vehicles travelled in theitepgiosction to ob-
tain the channel parameters by transmitting testing frames periodically. In kop¢himents,
the impact of the environment on signal propagation stems from the rodusidmgs, i.e. of-
fice and factory buildings, and the vehicles on the road. The PowesPetdile (PDP) results
show that the signal power received from the Line-of-sight (LOS)dhkdr than the reflected
signal from roadside buildings by 15 dB-20 dB and the power of other naditigignals is
even smaller than from roadside buildings by at least 20 dB. Both expdsrimglicate that the

signal from the LOS is the predominant component in the signal poweiveece

Furthermore, experiments [53, 54] show that the signal strength egtisigignificantly attenu-
ated at the Rx, due to the vehicles in between the Tx and Rx which block thedrfdSehicles
may fail to receive the signal even if they are within the radio range of thel'ir remainder
of this section summarises the features of the experiments [53, 54]. Indhes&nthe vehicle
height is categorised into two groups, i.e. low and tall vehicles. The heigtat group fol-
lows a normal distribution. The antenna is mounted in the middle of the top of thee/chhe

model is a simplified geometry-based deterministic model.

5.2.1 Probability of Vehicles as Obstacles on LOS

The vehicles in between the Tx and Rx are the only factor considered im#hgsis and other
obstacles, e.g. roadside objects and overpasses, are ignoredOBHe hlocked if any part of

any vehicle in between the Tx and Rx lies in the Fresnel zone of the LOSFiEsael zone
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is the concentric ellipsoid defining the volumes of antenna aperture, whitescérom the
diffraction of the antenna. Objects in the Fresnel zone lead to the signalatien. The radius
of the Fresnel zone is

Apdops1d
NfApQobst ATR (5.1)

nf = drr

wherer,; represents the radius of theh Fresnel zone. The radius of the first Fresnel zone
is used to judge whether the vehicles are blocking the LOS path. In this thesis;;. n;

is the index of the Fresnel zone. For example, for the first Fresnelzpn= 1, and so on.

Ap indicates the wavelength of the frequency used by Dedicated Short-Ramgeunication
(DSRC),d,»s; anddrr are the distance from the Tx to the potential obstacle and from the Tx
to the Rx. The major axis is the line through the Tx and Rx. If the obstacle is inrgh&fesnel

zone, it is blocking the LOS path.

Experiments [62] show that the signal attenuation is negligible if no obstaidts exithin 0.6
times the radius of the first Fresnel zone. A vehicle in between the Tx armifoutside 0.6
times the radius of the first Fresnel zone is not an obstacle. The relaiyet fof the potential
obstacle is

dO S
h= (hgs — hrs) d;}; + hopy — 067 (5.2)

wherehp, andhr, are the height of the Rx and Tx respectively,indicates the radius of
the first Fresnel zonek is the height of the line joining the Tx and Rx at the location of the
potential obstacle. The probability of one vehicle blocking a LOS betweefMthand Rx
P(LOS|h1y, hpy), is

P (LOS|hzesh) =1 Q <h;”) (5.3)

whereQ(-) is the@-function, andu ando are the mean and standard deviation of the height
h, respectively. Moreover, if there aré, vehicles between the Tx and Rx, the probability that
the LOS path is not blocked is [62]

P (n, LOS|h1y, hps) = ﬁ [1 —Q <h’“_“’“>] (5.4)

g
k=1 k

wherehy, is the height of theéth potential obstacle, and, ando;, are the mean and standard

deviation of the height of th&th potential obstacle.
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5.2.2 Effect of Vehicle as Obstacle on Signal Propagation

To quantify the attenuation by the obstacles, diffraction models in ITU-Rnewendation [63]
are adopted. The size of the obstacles, i.e. vehicles, is much greaterdheaveiength, which

is the requirement to apply diffraction models.

The simplest case is that there is only one vehicle as the obstacle and theksiifigdedge
model can be applied to this case. In a single knife-edge model, the obstemimided as a
half plane, which simplifies the calculation. In the case of multiple obstacles, a falkije-
edge model [63], i.e. Epstein-Paterson model, is adopted in the analygik, pvbvides an op-
timistic approximation of signal attenuation. Notice in the latest recommendatiorfrafadibn
models [63], the Epstein-Paterson model is replaced by the Bullington mdudeh wrovides
reliable results for diffraction for various paths, regardless of terr&inthe research of this
thesis, diffraction models [63] are adopted. Free space path loss JES&ted to define the

effect of vehicle separation [64].

Experiments were carried out [53, 54] to test the obstacle effect inietyanf scenarios, e.qg.
static conditions in a parking lot, movement on a highway, and in a suburltharanrban
canyon. The Tx and Rx were cars and the obstacle vehicle was a vaerifental results
indicate that the performance in terms of Packet Delivery Ratio (PDR) aceéitRd Signal
Strength Indicator (RSSI) are significantly affected by the presentteeaibstacle. The RSSI
is reduced from 7 dB to 20 dB approximately when the distance between tAedlRx is not
greater than 100 metres. The PDR drops significantly as the distance bdhgeEx and Rx

increases.

5.2.3 Effect of Obstacle Height on Signal Propagation

M. Boban et al. carried out research on the effects of obstacle rangignal propagation [34].
Experimental results show that the system performs better in terms of the IRBfR at least
one of the Tx or Rx is a tall vehicle, e.g., van. This is because once talllgshace used to

forward messages they are less likely to be obstructed than short vehicles

The performance of packet delivery is improved by using tall vehiclaglays [34]. When
considering latency, the number of times a message is transmitted by the reldle distance
between relays have to be considered. Therefore, balancing theadffee height and location

of the potential relays in the selection procedure of relays could be amrstitey topic for
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further research.

5.3 Obstacle Effect to Network Connectivity

5.3.1 Estimation Models of Signal Strength

The diffraction models recommended by the ITU are adopted here to estimattaheation

by obstacles.

To deal with the case of a single obstacle between the Tx and Rx, the siriigleelge model

is adopted. Attenuation by a single obstadlg is

Ag = [6.9 +201og < (V-012+1+V— 0.1)] H(V +0.1) (5.5)

2 1 1
V =Ahy| — + ) 5.6
\/)\p (dTTO dror (56

whereA#h is the gap between the height of the obstacle and the LOS path at the locatien of
obstacle. If the height of the obstacle is above the line connecting the TRandh > 0;
otherwise,Ah < 0. dppo anddpor represent the distance from the Tx to the Top of the
Obstacle and from the Top of the Obstacle to the Rx. Anillustration of the pasesrie shown

in Figure 5.1 [63].

______

Tx Obstacle Rx

Figure 5.1: lllustration of single knife edge
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The double-isolated-edges model is adopted in the case of two obstamesbdhe Tx and
Rx. This model applies the single knife-edge model twice successively Witades 1 and 2
being regarded as the Rx and Tx in turn. In the first step, obstacle 2asdextjas the Rx, and
the attenuation is caused by obstacle ol. Then, obstacle 1 is the Tx antdeBstathe source

of signal attenuation. The model is illustrated in Figure 5.2 [63].

dab:.Q

dﬂf}.\' !
Tx Obs, Obs, Rx

d TR

Figure 5.2: lllustration of double isolated edges

Attenuation by two obstacles is given by

Adi = Askl + Ask2 + Ac (57)

where A, and Ao are the attenuation by obstacle 1 and4£,; and A, can be derived

from the single knife-edge model. is the correction term, which is estimated by Equation 5.8

dobs2 (dTR - dobsl)
(d0b52 - dobsl) dTR

whered,;,1 andd,;so are the distance from the Tx to the first obstacle and from the Tx to the

second obstaclel 75 is the distance between the Tx and Rx.

For the case of three obstacles and more, the Bullington model is adopteegquiralent
obstacle is used to replace multiple obstacles. To get the equivalent opgierclex and the
obstacles and keep the line with the largest elevation angle so that all théesetioigch or

are below the line. The same procedure is carried out on Rx and anothés tlerived. The
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location and height of the equivalent obstacle are determined by the ttersef the two lines

or their extension, as is shown in Figure 5.3 [63].

Tx Obs; Obs; Obs; Obs, Rx

Figure 5.3: lllustration of Bullington method

The above models are used to estimate the attenuation by obstacles. The ES6hiésl for

the strength loss due to the distance between the Tx and Rx. The expiigssion

4 2
Ay, = 10log,, ((;dTpr> ) (5.9)

wherec; is the speed of light3 x 10% m/s, f,, is the carrier frequency of the DSRC, 5.9 GHz.
In the case of the LOS, path loss is the only source of signal reductiothamadio range is

determined by path loss.

5.3.2 Network Connectivity

To indicate the effect of vehicles as obstacles on signal strength, rketwonectivity on the
road is presented here. The simulations show instantaneous resultsué/éo, tthe statistical
property of the vehicle location, they are also applicable to the connectimlitiom of the net-
work at any instant. In addition, how the obstacles affect system peafoce is also presented

in the later parts of this chapter.

5.3.2.1 Methodology

The mobility model is the same as the one in Chapter 3. The speed is used tbthesldication

of vehicles at the end of the period and to determine the suitability of candial.
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The vehicles are distributed on the road randomly except that the distatveedn consecutive
vehicles in the same lane is not less than the predefined security distaadéitlan, the height
of the vehicles is incorporated to reflect the practical case more adguraitee vehicles are

categorized into tall and low types, that is, a vehicle is either a tall vehicle ov adhbicle.

In the diffraction models [63], if the length of the obstacle is far greater tharwavelength,
the obstacle blocking LOS can be treated as an edge with only height in thestiimebeing
considered during the calculation. That is, the attenuation caused bydiebthe obstacle
is the one caused by the edge only; therefore the vehicles in the simulatiotrieapeeted as
edges which are of the width of the lane. The height of the vehicles is atltpptalculate the

attenuation.

Notice that, in the signal propagation, the LOS is considered to be the onlyor@mpin the
received signal. Any NLOS signal, e.g. reflection and scattering, is ctegleas it is not the

predominant part of the signal received [32, 33].

In the simulation, the transmitter broadcasts a message. The transmitter antk¢tedses-
ceiver are connected by a Light-of-Sight (LOS) path. The vehiclessiet¢ing with the LOS
are the obstacles and they are involved in the attenuation calculation froriftaetibn mod-

els.

If the signal strength received is above the threshold of the sensdmkhegetween the trans-
mitter and the receiver is connected; otherwise, it is disconnected. TWwerkeconnectivity
is for the direct communication between any pair of vehicles within the mutuatrission
range. Communication with a vehicle outside the transmission range is via inteteneoles

and is excluded from this work.

A Monte Carlo simulation is conducted to get the statistical results. In each iteraiace
the vehicles are located on the ring-shaped 8-km road model, a randois selected as the
transmitter. Among the following vehicles within the transmission range, a mxdsixandomly
selected as well. The vehicles blocking the LOS of the transmitter and theeeege the

obstacles. The simulation is repeated 100,000 times in order to get a relialite res

100



Impact of Obstacles on Network Connectivity and System Performance

5.3.2.2 Configuration

The simulations are carried out in three densities, i.e. 20, 60 and 100 v&mpd&he vehicle
height is categorised into two groups, i.e. tall and low vehicles. For eamipgthe height
follows a normal distribution [34]. The configuration of traffic parametans the same as

those in Chapters 3 and 4. The transmission-related parameters are listédieis 1L

Pr, 16 dBm
Thg, | -79.5dBm
Ip 5.9 GHz

C; | 3x10%m/s

Table 5.1: Configuration of transmission

Th g, represents the threshold of Rx, which is above the minimum sensitivity (-89 dBthe
DSRC in the QPSK model [53]. Based on the configuration, the maximum tragiemisnge

is 240 m.

Table 5.2 presents the height of short and tall vehicles [34]. In the foilpwesults, the con-

Height of tall vehicles: mean 3.35m
Height of tall vehicles: standard deviation 0.08 m
Height of short vehicles: mean 15m
Height of short vehicles: standard deviatio®.08 m

Table 5.2: Configuration of vehicles’ height

nectivity probability in various ratios of tall vehicles are presented.

5.3.2.3 Simulation Results of Connectivity Probability at a fixed Ratio offall Vehicles

The results in this section present the impact of the vehicle density and theceista connec-

tivity probability. The ratio of tall vehicles is setto 0.1.

Figure 5.4 shows that the connectivity probability reduces with the increadiestance, as
expected. With the distance between Tx and Rx increasing, there are atookes as well

as obstacles, which accounts for the decreasing connectivity probaliigyseen that as the
distance increases, the connectivity probability is higher at a density thia20at a density of

100. This is because at a lower density the same distance, e.g. 100 metcespied by fewer
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Figure 5.4: Connectivity probability in all densities

vehicles as well as obstacles. The signal strength is weakened byleb#zs significantly at
a low density. The relation between the distance of the Tx and Rx and the maxiomirer

of obstacles in between is presented in the next section.

The absolute gap between the lanes of the Tx and Rx is definBd. 38 There are three cases
of lane relation between Tx and Rx, 1) in the same lahéN = 0, 2) in an adjacent lane,
ALN = 1 and 3) at least one lane apaxt’. N>1. The distance between Tx and Rizr,

is expressed as the multiple of the security distance and the ceiling of the disaadopted
in the analysis. For example, if;z = 1.35D, then in the resultgz<2SD. Results of

individual cases are presented in Table 5.3.

Based on the above results, a general procedure for determining rilgenwf obstacles is
given here:

Assume the distance between the Tx andiRx satisfiesk—1)SD < drr<kSD and the gap

of lanes in between the Tx and RXL N = n. n > 1 where the two vehicles being considered
are not in the same lane anXd. N = 0 for the case of the two being in the same lane. Two
cases are considered here, the obstacles in a different lane from/Bednd the obstacles in

the same lane as the Tx/RXx.
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dra max. obs #| max. obs # max. obs #| max. obs #
ALN=0 | ALN=1| ALN=2 | ALN=3

<SD 0 0 1 2
<2SD 0 0 1 2
<3SD 1 2 2 2
<4SD 2 2 2 4
<5SD 3 4 5 4
<6SD 4 4 5 4
<7SD 5 6 6 8
<8SD 6 6 6 8
<9SD 7 8 9 8
<10SD 8 8 9 10
<11SD 9 10 10 10
<12SD 10 10 10 10

Table 5.3: Relation between maximum obstacle number&ngl

The length of the LOS on the lane of the Tx and Rx is less t#ja$iD, since the minimum
distance between vehicles in the same lang/is By rounding up% the maximum number
of vehicles in the lane of the Tx/Rx, which includes the Tx/Rx themselves, mdgteemined.

Therefore, the maximum number of the obstacles in the lanes of the Tx an@Rifs| — 1).

Regarding the obstacles in the lanes without the Tx/&x1(), the length of the LOS on the
lane is less thalﬁSD. As with the case of the lane(s) of the Tx and Rx, the rounding u{p of
determines the maximum number of vehicles in LOS in one lane between the Txxarid R
total, there ares — 1 lanes, excluding the Tx or Rx. The maximum number of obstacles in the

lanes without the Tx or Rx i$£] (n — 1).

For the case where the Tx and Rx are in the same lane, the number of cbstauiet exceed
(k — 2). Thus, the maximum number of obstacles for the case where the Tx ana: Rxthe
same lane isk — 2) H (k — 2).

For all three cases of the lane relation between the Tx and Rx, i.e. Tx/Rx sathe lane,
Tx/Rx in adjacent lanes and others, given thak, as0<drgr<kSD, k = 1,2,3,---, the
maximum number of obstacles can be summarised as follows:

1) Tx and Rx in the same lane, maximum number of obstacles,

ON, = (k—2)H(k —2) (5.10)
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2) Tx and Rx in adjacent lanes, maximum number of obstacles,

ow, =2 ([5] -1} s

3) Tx in lane one and Rx in lane, maximum number of obstacles,

k ko1
ON, = [ALNW (ALN —1) 42 ({ALNJ - 1) (5.12)

Summarising the above analysis, we conclude thatif<kSD (k = 1,2, 3...), the maximum
number of obstacles between the Tx and Rxuisx (ON,, ON,, ON,). With an increase
of drgr, or k, the maximum number of obstacles rises which accounts for the reduction of

connection probability.

In addition, Figure 5.4 indicates that at the same distance, the connectlmabpity rises with
a decrease of vehicle density. At a higher density, more vehicles existiebn the Tx and
Rx at a specific distance as well as a higher maximum number of obstacles shdable 5.3.

Figure 5.5 presents the connectivity with one obstacle and two obstacles.

The above figure presents the connectivity probability with 1 obstacle asizstacles. The
results for 1 obstacle show a step-shaped reduction of connectioahilithbetween 110

m and 120 m. Asipy is less than 100 metres, the connection probability is approximately
constant at 90%. Over this range in the cases where the obstacle is &l amd at most one

of the Tx-Rx pair is a tall vehicle, the attenuation with path loss is large enoudis¢onnect

the Tx and Rx. For example, if;zr =50 m,hp, = hr,=1.5 mh,;,; = 3.35 m and the obstacle

is halfway between the Tx and Rx, the attenuation by the obstagle= 23.17 dB, and free
space path losd;, = 81.84 dB. The signal strength receivedHs, — Ay, — Ay = -89 dBm,
which is lower than the threshold -79.5 dBm.

In the range from 110 m to 120 m, the connection probability experienckara seduction.
This is due to the increase of free space path loss. The signal strergth Rk drops to be

lower than the sensitivity of the Rx.

From 120 m to the edge of the maximum radio range, the connection probataltyia the

range from 10% to 20%, although the path loss is still increasing. In thes aelsere the
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Figure 5.5: Connectivity probability by 1 obstacle, 2 obstacles and more

obstacle is a low one and at least one of the Tx-Rx pair is a tall vehicle, thal strength
received is above the threshold of the Rx. For examplépjif = 200 m, the obstacle is midway
between the Tx and R¥,,,=1.5 m, h,=hr,=3.35 m, the attenuation id,;=0, with path

loss Ay, = 93 dB. Thus the Rx is able to receive the signal successfully.

In the above results of section 5.4.2, the ratio of tall vehicles is set to 0.1dit@aie the impact
of the ratio of tall vehicles on network connection, more results of variatiss of tall vehicles

are presented in the following parts.

5.3.2.4 Simulation Results of Connectivity Probability at various Ratio 6 Tall Vehicles

This section provides the results of connectivity probability at differatibs of tall vehicles to
show its impact on connectivity probability. The ratio of tall vehicles examimed®a0.05, 0.1

and 0.2. The density of vehicles is set to 60 veh per km.

As is shown in figure 5.6, the radio range can be divided into three intebpesied on the
connection, i.e. close distance from 0 to about 110 m, middle distance frormid 140 m

and far distance from 140 m. The connection at different ratios of thitles share similarities,
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Figure 5.6: Connectivity probability in 4 different ratios of tall vehicles, density 60

i.e. high connection at close distance, sharp drop at middle distance amdhoction in far

distance.

At a close distance, since the signal loss by distance is relatively small, thecorabination

of height which affects the signal strength at Rx are the cases whst&ctd(s) in between Tx
and Rx is (are) taller than Tx and Rx, i.e., tall obstacle(s) and short TX/fRke combination

of tall obstacle(s) and short Tx/Rx, the signal strength is attenuated rigmiiéicantly than

in other combinations as described by the diffraction models. The occer@frthese cases
depends on the ratio of tall vehicles. As the ratio is 0.2, the probability of dnebstacle and
short Tx/Rx is 12.8 (80% x 20% x80%). In the case of ratios lower than 0.2, the occurrences
of these combinations get less frequent and therefore the conneabioability is higher in a
lower ratio of tall vehicles. A special case is that if the ratio of tall vehicles &l@he vehicles
are low ones and the attenuation is less than the combinations of tall obstatiarnT x/Rx,

which accounts for the higher connection of a lower ratio of tall vehiclesarfigure.

In the middle distance, the rise of path loss results in a drop in signal strengtigththe
threshold of the receivers’ sensitivity and disconnects the link of then@ixpatential Rx in the

combination of short Tx/Rx and obstacle(s), which is the combination with thgebigatio.
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The connectivity, therefore, drops dramatically.

In the far distance, which is close to the edge of the radio range, due to tteesigaificant
path loss, obstacles play a predominant role in the network connectiore tBimgrobability
of there being no obstacle is almost zero close to the edge of the radiq taegases where
obstacles cause little attenuation matter, i.e., tall Tx/Rx and short obstacl#($ (ar Rx)
and short Rx (or Tx) and obstacle(s). The total probability of thesesdaghe ratio of 20% tall
vehicles is 28.8% which is greater than the probability of 17.1% in the ratio of dfddwother
scenarios. This accounts for the higher connection probability at thendéstdose to the edge
of the radio range for a higher ratio of tall vehicles. In the case of 0 télicles, no matter
which combination it is, the obstacle attenuates the signal strength and sirsuenthef path

loss and attenuation is big enough, the link between Tx and Rx disconnects.

5.4 The Effect of Obstacles on the System Performance of Proto-

cols

In this part, the system performance of DBA-MAC and the CWCMD is prieskrin the sim-
ulation, the effect of obstacles is considered in both BM formation and mgessansmission.
The results are compared with the ideal case in which all the vehicles arealelecive the
signal equally in the maximum radio range of the Tx. The configuration in thiisgptne same

as those in the simulation of Chapter 3 and 4.

Density /km 100 60 20
without obstacleg 181.92 £ 59.62 | 180.21 & 58.48 | 170.41 &+ 57.57
with obstacles | 63.10+33.73 | 90.44 +49.07 | 146.53 + 61.90

Table 5.4: Average distance between adjacent BMs in DBA-MAC with and without @ésta
effect

Density /km 100 60 20
without obstacles 229.05 + 7.86 | 222.97 +£12.23 | 196.00 £ 35.01
with obstacles | 108.14 4+ 24.90 | 141.50 &£ 38.97 | 171.49 4 46.22

Table 5.5: Average distance between adjacent BMs in the CWCMD with and withoutctdbsta
effect
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Figure 5.7: Impact of obstacles on the BM selection in DBA-MAC (up) and the CWCMD
(down)

Figure 5.7, Table 5.4 and 5.5 present the impact of obstacles on the BM@eladBA-MAC
and the CWCMD. Due to the obstacle effect, the number of suitable candiddisses and the
candidates are excluded from the suitable candidates if the signal strecgited is below
the threshold of the Rx. Farther candidates are excluded from the settable candidates
with higher probability, due to the increasing number of obstacles as indicafEgble 5.3.

Therefore, suitable candidates are closer to the BM than in the ideal case.

The selection performance of the CWCMD is better than DBA-MAC, as is showigure 5.7.
Due to the property of the CWCMD that the candidate with the highest suitabilppnels to
the BM prior to others, the winning candidate is still the one with the highest dititatimong
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the decreasing number of suitable candidates. Even in the condition otlebsttect, the

CWCMD still provides better performance of the BM selection than in DBA-MAC

It is also noted that in the case of obstacles the performance of the BMieelecbetter at a
lower density than at a high density, which is the opposite to the ideal caseavithstacle. If
more obstacles exist between the Tx and Rx for a specific distance, tla¢ sigmgth received
is affected more by the obstacles, as is shown in Figure 5.5. The avaragenof vehicles
within a specific range, including obstacles, rises with the increase ofleafensity. This
means that the average distance between adjacent BMs at a high dermaigjlés than the one

at a low density when considering the obstacle effect.

The CDFs of the results are plotted in Figure 5.7. Without considering déstas analysed
in the last chapter, the suitable candidate farthest from the BM will win théeotion with
highest probability in both schemes. Thus, at a high density a longer BMhdésta achieved
on average. However, obstacles affect propagation at a high demsity severely than at a

low density. Hence, the suitable candidates are closer to the BM at a higitydtbian at a low

density.
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Figure 5.8: The performance comparison with and without obstacles in flooding, MB&-
and the CWCMD
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DBA-MAC CWCMD Flooding
without obstacle] 1.144 £ 0.280 | 1.070 & 0.360 | 2.748 =0.712
with obstacle | 2.552 +2.482 | 1.821 +0.991 | 5.575 4+ 1.443

Table 5.6: Average delay in DBA-MAC, the CWCMD and flooding with and without olestac
effect, /ms

DBA-MAC CWCMD Flooding
without obstacle| 6.04 £0.84 | 5.55+0.74 | 9.57 £2.27
with obstacle | 10.42+1.85 | 8.05+1.43 | 16.32 +4.01

Table 5.7: Average retransmission times in DBA-MAC, the CWCMD and flooding with and
without obstacle effect

Figure 5.8 shows that the performance delay is significantly affected bghscles. The
propagation delays in all densities are affected by obstacles. Thermarfoe of the CWCMD
is still better than the one in DBA-MAC.

Regarding the distance between BMs, the trend of delay performanceesjiteat to the vehicle
density is opposite to the results obtained when obstacles are considaredesult matches
the performance of the BM selection, as is shown in Figure 5.7. The shgedbrmance
is because the increase of vehicle density brings about more obstagldtsearonnectivity is

increasingly affected.

Figure 5.9, Table 5.9, Table 5.10, Figure 5.10, Table 5.11 and Table Se$2rdrthe results
of delay and retransmission times in both DBA-MAC and the CWCMD in varioussities,
with and without consideration of obstacles. The results match the one aEFdgl Table 5.4
and 5.5, which indicate that the CWCMD outperforms DBA-MAC in either ideakecwithout
considering obstacles or in the case of considering obstacles. Tlgrparice is better at a

lower density than at a high density when obstacles are taken into accdusiis dpposite to

DBA-MAC CWCMD Flooding
without obstaclel 180.21 £ 58.48 | 222.97 + 12.23 | 123.52 4+ 68.38
with obstacle | 90.44 +49.07 | 141.50 £38.97 | 72.58 £+ 43.42

Table 5.8: Average distance between adjacent intermediate nodes in DBA-MACWIGMD
and flooding with and without obstacle effect, /m
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Figure 5.9: The performance comparison with and without obstacles in DBA-MAC sdage
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Density /km 100 60 20
Without obstacle| 1.141 +£0.473 | 1.144 £ 0.280 | 1.156 £ 0.290
With obstacle | 3.473 +3.004 | 2.552 4 2.482 | 1.581 + 1.296

Table 5.9: Average delay in DBA-MAC in various densities with and without obstaclet effe

Density /km 100 60 20
Without obstacle| 6.03 =0.83 | 6.04£0.84 | 6.15£0.82
With obstacle | 14.18 £2.02 | 10.424+1.85 | 6.94 +1.11

Table 5.10: Average retransmission times in DBA-MAC in various densities with and withou
obstacle effect

Density /km 100 60 20
Without obstacle] 1.065 4=0.390 | 1.070 & 0.360 | 1.096 & 0.384
With obstacle | 2.529 +2.508 | 1.821 4+ 0.991 | 1.272 £+ 0.588

Table 5.11: Average delay in the CWCMD in various densities with and without obstactg effe
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Figure 5.10: The performance comparison with and without obstacles in the CWCMDsat me
sage rate 0.05

Density /km 100 60 20
Without obstacle| 5.51 +£0.75 | 5.554+£0.74 | 5.77 £ 0.73
With obstacle | 10.474+1.82 | 8.05+1.43 | 6.35 4+ 0.87

Table 5.12: Average retransmission times in the CWCMD in various densities with and withou
obstacle effect
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the situation of the ideal case, in which performance at a high density is.better

In the CWCMD, the candidate with the highest suitability is more likely to win the cdiaten
to become the next BM than in DBA-MAC, where the candidates of wealkiaslity still have
the chance to become the next BM. The inclusion of the effect of obst@dossnot change the
selection mechanism of the CWCMD in which the best candidate resporuate ladifthe others.
Therefore, the CWCMD still outperforms DBA-MAC when the effect obtdxles is included.

5.4.1 The Effect of Changing Ratio of Tall Vehicles on the Syste Performance
of Protocols

In this section, the effect of the ratio of tall vehicles will be presented in #ises of different
ratios of tall vehicles. The ratio of tall vehicles is selected from four pdgab, i.e., 0, 0.05,

0.1 and 0.2. The density of the vehicles is set to 60 veh per km.
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Figure 5.11: The performance comparison of DBA-MAC at changing ratio of tall veicle
message rate 0.05

Asis shown infigure 5.11 and 5.12, the delay at a higher ratio of tall vehgtsaller than the
one at a lower ratio. During message propagation, a signal broadctat ehicles reaches

farther than the one from the low vehicles, since the obstacles in betwe&r el Rx affect
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Figure 5.12: The performance comparison of the CWCMD at changing ratio of tall \ehic
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the signal from tall Tx less than the signal from low vehicles. In other wiaifie tall vehicles
help to improve the performance of delay by minimising the effect of obstankkéareasing
the propagation distance. More tall vehicles leads to higher possibility thaxiRx is a tall
vehicle and therefore has a longer propagation distance. Note that wigiher matio of tall
vehicles, it is more likely that the obstacle(s) is/are the tall vehicle(s) whieletahe signal
propagation. Yet, the obstacle effect by tall vehicles is less dominant tkeapettiormance
improvement. The effect of changing ratio of tall vehicles in both DBA-MA( ¢he CWCMD

is similar.

5.5 Incorporating Vehicle Height in the BM Selection

The results in the previous section show that the height of the vehiclésaffersignal propa-
gation. Specifically, tall vehicles as obstacles block the signal and réfdeicange of transmis-
sion. On the other hand, tall vehicles as Tx or Rx improve the network ctimitye and thus
suitable to be the intermediate nodes for a stable connection [34]. In thisrsabtcheight of
the vehicles is included in the S| of the BM selection of the CWCMD to determinéhghéhis
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can improve the performance in a practical case for faster propagation.

During the BM selection, the heights of the vehicles are used to estimate thdlgyitdithe
candidates, as well as the relative distance. The tall vehicles are digiritauténe road ran-
domly and considering the height solely as the criterion of the candidaitabtity may result
in an increase in the number of the hops and consequential longer déldwie. considering
the relative distance only as a suitability criterion, low vehicles may be the varoi¢he BM
selection, which reduces the transmission range if the signal is blockedl bgheles. The
purpose of considering height in assessing suitability is to balance theealaiance between
the BMs and the transmission range. The proposal which combines the ®&/®DC and
also the vehicles’ height is named as the CMH (CWC, MDC, Height).

In the CMH, Sl is the product of the Distance Index (DI) and the Heigtéex(HI),

CWi= (1~ 8I;) (CWmas = CW min) + CW i (5.13)
SI; = HI;DI; (5.14)
min (As;, As; + Av;t)
DI, = 5.15
ok (5.15)

The value ofHI is between 0 and 1 and is determined by the type of the vehicles, i.e. a tall
vehicle or a low one. Thé/ [ for a tall vehicle is set as 1, and the one for a low vehicle is less
than 1. The improved Sl shows that for two vehicles with the same distance BMhéhe

taller vehicle has a shorter backoff time than the low one. And for two vehmlbsthe same
height, the vehicle farther from the BM has a shorter backoff. In the sioulaf this thesis,

the value ofHI for low vehicles is set as 0.1, 0.5 and 0.9 to show the results of low vehicles at
different priorities. The optimal configuration &f/ and the relation betweeHI and system

performance are left for future work.

5.5.1 Comparison between the CWH and the ESC

The simulation results of the CWH and a comparison between the CWH and aiolgigieto-
col the ESC are presented in this part. The configuration of the system@Weis the same
as the one in Section 5.4. The ratio of tall vehicles ranges from 0 to 0.2. Tésagerate in

the simulation is set to 0.05.

The ESC [35, 36] is a clustering protocol which incorporates the vehiobkight in a clus-
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terhead selection. Vehicles estimate their suitability as a clusterhead accturdiregrelative
speed and the relative distance to other vehicles as well as their height. dstgidering their
suitability to be a clusterhead, vehicles with a lower relative speed aregefa/er those with
a high relative speed. A smaller distance is preferred, and tall vehigddaaured over short
vehicles. The suitability of a vehicle to be a clusterhead is quantified in thedb@oulomb’s
Law. Each individual vehicle calculates the relative force to all the ne&igtibg vehicles and

the vehicles with the greatest total force are selected as the clusterheads.

qiq;
Fij = kij J (516)
Tz'j
Equation 5.16 provides the relative force between vehiclasd j. Coefficientk;; is deter-
mined by their relative movement and relative speed. If vehickesd; are approaching each
other, which means that the faster vehicle is following the slower vehigles defined as

the reciprocal of their speed gaj, . Otherwise k;; is the inverse of the speed

_ 1
T abs(Avy)
gap,ki; = —abs(Av;;). ¢; andg; are determined b¥;. If k; > 0, ¢;,q; = 2; otherwise,
gi,q; = 0.5. For tall vehicles, e.g. vehiclg ¢; = 2 regardless of the sign &f;. r;; represents

the relative distance between vehicleand;.

Vehicles broadcast their speed and location by means of a periodicrbesltof the vehicles
calculateF;; for each neighbourF; = Zj F; shows the suitability of vehicles as a CH. The

vehicle with the greatedt; among the neighbours is selected as a clusterhead.

To make a direct comparison between the two selection schemes, the transmadwome
of the CWH is used as a basis for both selection schemes. Using this commsmigsion
scheme, the performance of the two selection schemes will be evaluategitimessage delay.
The CHs in the ESC are the counterparts of the BMs in the CWH.

Figure 5.13 shows that the messages are propagated with a longer delfBGHhan in the
CWH. This is due to the mechanism of CH/BM selection in the two schemes. In the, CW
the aim is to forward messages as fast as possible; therefore, thesfadhdidates within the
radio range have the highest suitability to be a BM. In the ESC, the associtarehicle
with all its neighbours is considered to determine its suitability, as is shown intiequa16,
since the stability of the CH links is the prime target in the ESC. The ESC selectiemsc
results in the CHs being distributed evenly throughout the radio rangen #® standpoint of

link stability, the link between a CH and the farthest vehicle is less stable thanlzelinkeen a
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Figure 5.13: Performance comparison between ESC and CWH at a density of 60 pandkm
message rate 0.05

CH and a close vehicle, due to the dynamic nature of VANETSs. Therdfwdarthest vehicle
is not a suitable candidate to guarantee CH link stability. The criterion in the B&&ddhe

distance between adjacent CHs and the number of hops and transmissioarérgesater than
the CWH, which accounts for the performance gap shown in the figureotintbe CWH and
the ESC, the height of the vehicles is used to measure the suitability of velsgrgsmnediate

nodes.

5.5.2 Impact of Height Index (HI) on the Performance of the CWH

This section presents the impact of HI on the performance of the CWH.drtfgaration of the
system is the same as the one in Section 5.4. The ratio of tall vehicles is 0. lerfdwrance is
compared to the one of the CWCMD, in which vehicle height is neglected, iousadensities.
In the second part of the section, the impact of the ratio of tall vehicles dorgence is also

presented.

The results in Figure 5.14 and Table 5.13 show that the CMH results in onlytd stigrove-

ment in the system performance in terms of propagation delay as well asdragavhop of
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Figure 5.14: The performance comparison of the CWCMD with changing height atagess

rate 0.05
HI=0.1 HI=0.5 HI=0.9 neglecting height
Aver. BMs /km | 5.70+0.24 | 5.484+0.20 | 5.53+0.23 5.62+ 0.23
High% in BMs 57.57% 48.40% 31.27% 26.97%

Aver. hop 7.76£0.30 7.70£0.29 7.89+ 0.32 8.00+ 0.34
Delay /ms 1.6774 0.149| 1.694+0.136| 1.78%+ 0.161| 1.811+ 0.160

Table 5.13: Performance with consideration of height at a density of 60 per km
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each message.

In the BM selection, the low vehicles which share the same CW with the tall velactes
farther from the BM than the tall vehicles, due to the introduction of the Hbufyge the relative
distance from the low vehicle to the BMss;, then the distance gap between low vehicles and
tall vehicles with the same CW, i.d),, is determined by the HID, = HIAs;. If the relative
distance of a low vehicle to the BM is not greater than the one of the tall vehycle,bthe

tall vehicle will respond to the BM prior to the low one. The advantage in heitdites the
tall vehicles better intermediate nodes in terms of the transmission range. ¢oiswfor the

slight improvement of the propagation delay.

With the decrease of HI, the number of BMs in the unit distance and the ratadl @ehicles
rise. A smaller HI leads to the case where the tall vehicles win the contention \itthar
probability than the low vehicles, although the tall vehicles may be closer to théhBivitheir
low counterparts. The signals from the tall BMs, however, are less likehetblocked than
the low BMs and will propagate over a longer distance, which accounteémmaller average
number of BMs in the unit distance and the smaller average hop number, a€0ll and
0.5. As HI reduces further, the relative distance becomes an incrgasiagk factor in the
selection criterion and the average number of BMs becomes greater thanetlvéthout any

consideration of the vehicles’ height, which also affects the hop number.

Note that the introduction of the HI increases the backoff time of the low vehicl&e im-
provement of performance, i.e. delay, comes at the cost that the forntiatiens increased.

The comparison of the DEFT in varying density and the Hl is presented imd=g5.

The figure shows that with decrease of the Hl, i.e. raising the priority ofégiicles, the DEFT
rises. The case dif I = 1 is that low vehicles share the same priority with tall ones, i.e. height
is not considered. With the decrease of the HlI, the reduction of the Sbafeehicle is greater,
compared to the case éf I = 1. The equivalent effect of the smaller HI for low vehicles is to
reduce the relative distance to the BM. A tall vehicle which is not the bestroteems of its
relative distance to the BM has a chance to win the contention. The backofbtithe winner
therefore rises, which increases the network formation time. It is noticéthth@erformance
change, i.e., a delay, caused by the consideration of height is negligible c@hgpared with
the DEFT. The major effect of considering height is the increase of mkti@omation time. In

terms of the DEFT, the CMH is not the optimal one, since the benefit of fagigation is at
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Figure 5.15: The comparison of the DEFT in the CWCMD with the height in varying densities
at message rate 0.05

the cost of a longer backoff time of low vehicles in the procedure of the Blglcsion.

5.5.3 Impact of the Ratio of Tall Vehicles on the Performancef the CWH

In the above section, the ratio of tall vehicles is set to 0.1. In this part, therpgnce of the
CMH at various ratios of tall vehicles will be presented to show how the thicles affect the

system performance. The ratio of tall vehicles in this section is set to 0,@D&nd 0.2.

Figure 5.16 shows the propagation delay of the CMH in various densitiesatiod of tall
vehicles. It is shown that at any density the performance in a greaterafatal vehicles
is better than the performance in a low ratio of tall vehicles. In the CMH, theiyiof
tall vehicles is guaranteed by weakening the suitability of low vehicles. Atgreatio of
tall vehicles leads to the condition of there being more tall vehicles in the BMs tdlh
vehicles propagate the signal farther than the low vehicles, since the imfpabstacles on
propagation is weaker when the Tx and/or Rx are tall vehicles; there¢fareise in the ratio of
tall vehicles in BMs increases the average distance between adjacentiBidsaccounts for

the performance improvement as the ratio of tall vehicles rises.
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Figure 5.16: Performance of the CWCMD with consideration of the height at varioussatio
tall vehicles and densities, HI = 0.5

Also, from the figure 5.16, the degree of performance improvement indeghities is more
conspicuous than in low densities, i.e., 20 veh per km. At a low density, i.eeR@er km,
due to the sparse distribution of the vehicles, the effect of the obstadleedeTx and Rx is
less than the effect in high densities and thus the benefit of using tall vesdienited. But,
in high densities, the signal attenuation caused by obstacles between Rxasdarge and
the use of tall vehicles significantly increases the propagation distant® &sesnel zone is

higher and the propagation suffers less from vehicles in between thedlRxa

5.6 Conclusion

The research in this chapter indicates that the vehicles in between the Rxaaftect signal
propagation significantly. In fact, the performance in terms of propagdgtay, as a function
of the vehicle density, is the opposite of the case when obstacles aredgridrat is, perfor-
mance of delay in dense traffic is better than in sparse traffic in ideal Bas@erformance in
sparse traffic is better if incorporating obstacles in performance estimégimoring the obsta-

cle effect in estimating the system performance leads to significant efiteesefore, obstacles
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is recommended to be modelled when testing the design of protocols in VANETS tovienp

the accuracy of performance estimation.

Since tall vehicles provide better transmission range than low vehicles, aovietpproto-
col the CMH that takes into account a vehicle’s height is proposed. ddts indicate that
the consideration of height can improve the performance of delay, ltheatost of network

formation time.
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Chapter 6
Conclusion and Future Work

6.1 Summary of the Thesis and Conclusion

In this thesis, protocols aimed at fast propagation of safety messagedNEMAare proposed
based on DBA-MAC and the impact of vehicles between the transmitter aadeeas obsta-

cles on system performance are evaluated.

In Chapter 3, DBA-MAC is introduced, which is a cross-layer protooolfést propagation of
safety messages. Predefined BM are selected periodically and tage ofaressage forward-
ing. Analysis shows that the selection criterion of BMs in DBA-MAC and @andselection
in the CW scheme are barriers to improving performance in terms of fashgatipn. Based
on the analysis, a novel selection criterion (MDC) to determine the suitabilitpdidates
is proposed, in which the minimum distance of the candidate to the previous BMgtmout
the period is adopted instead of the distance at the end of the period. dhgecbf selection
criterion aims to keep the distance between adjacent BMs as long as po¥sitithe MDC
solely changes the suitability of the leaving candidates. The differencedady the MDC
relates to the standard deviation of speed distribution. An extreme caseifsathtite vehicles
share a same speed, the MDC has little impact on the BM selection. In additicrdéreof
candidates’ suitability is mainly determined by the location of vehicles at the baginheach
period. The MDC changes the suitability of leaving candidates but chéittteabout the rank

of candidates’ suitability which decides the BM selection more significantly.

The randomness of selection in the CW mechanism leads to the condition vemelieates
with weak suitability are able to become BMs, although with low probability. Thiskees
the performance of BMs distance and message propagation. The CWip&spd to increase
the probability that the candidates with the best suitability win in the contention. Sionda
show that the proposed scheme improves the performance of messpggation in various
densities of vehicles, ratios of safety messages and non-safety mesJdge CWC can be

applied to other VANET protocols in which a CW mechanism is adopted to comniaritoa
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suitability of vehicles. The CWC improves the performance in terms of delagusecthe
randomness of CW selection is limited. The smallest CW of candidates with wiakibty
is always greater than the ones with better suitability. The randomness in thed@me is to
avoid collision among stations, yet it is not a good scheme to distinguish statittndifferent
priorities. By limiting CW selection range, the CW lower boundary reflects thtalslity of

candidates directly and therefore the candidate distinction can be implemented.

In Chapter 4, the mathematical models for both the CWCMD and DBA-MAC debkshed

to predict and validate the system performance. Numerical results of mdtbanmodels
show that 1) the distance between adjacent BMs in the CWCMD is longer tieaonth in

DBA-MAC and close to the theoretical maximum as defined by order statistics2pnthe

CWC is the key factor to improve the system performance. Besides, netawnation is

evaluated by overhead/formation time in proactive protocols of VANETs. Wighproposed
metric DEFT, the configuration for optimal system performance can bedftynadjusting
CW-related parameters due to the restricting relation between the networ&tion time and
propagation delay in the CW mechanism. The analysis and results indicataestraidpagation
could be at the cost of long formation time and vice versa in the CWCMD. Thiajgoving

performance of one metric solely, i.e., delay, leads to the degradation in tfoenpance of
the other metric, i.e., formation time, and vice versa. The direct effect okelofigmation

time, which reduces the average delay, is postponing the transmission ofjmesspagation.
Shorter formation time means longer delay. Therefore, the balance besiesdar delay and
shorter formation time should be kept in mind when adjusting the system pararétie

CWCMD.

In addition, analysis and simulation in this research show that the securitpaisbetween
adjacent BMs affects the location distribution of vehicles, which is neglactée assumption
of Poisson distribution in the majority of existing research. In Chapter 4,valrocation

distribution is proposed which considers this factor and provides a mailistie estimation of
traffic. The ideal exponential distribution leads to increasing error withiiigeof indices due
to the lack of consideration of the practical factor, i.e., the security distalidhe security

distance is incorporated, the error of theoretical distribution becomes smahler and the
theoretical distribution can used to model the location distribution in simulatioress@turity

distance is the key factor to enhance the availability of theoretical distribution.

In Chapter 5, a more practical scenario is considered, in which the velhicleetween the
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transmitting vehicle and the receiver affect the signal reception by blg¢knLOS. Analysis
and simulations indicate that 1) the assumption that the vehicles in the maximum tisioamis
range of the transmitting vehicle are able to receive the signal equally iuitable in the
practical scenario, 2) whether the signal can be received is relategitanhber of obstacles and
the distance between Tx and potential Rx, 3) the impact of vehicles as lelssgsignificant
to the system performance, and 4) system performance, e.g. propadeal&y, at a higher
density, when considering the effect of obstacles, is worse than atex kswnsity which is
the opposite to the ideal case without consideration of obstacles. ThenerisiEobstacles
changes the network connectivity and possible transmission range, velsights in dramatic
change of system performance. Even the trend of performance iseevBy the obstacles.
Therefore, the obstacle effect caused by vehicles is an important fadte considered when
evaluating protocol performance as well as designing VANETSs protodtis often assumed
that vehicles between the transmitter and the receiver take no impact ohigpagation in
existing literatures. This research indicates that the obstacle effedtidb@incorporated in
protocol design and performance estimation to improve the accuracy andéothgaresearch

on VANETSs available and valuable.

6.2 Future Work

6.2.1 Interference of Vehicles and Roadside Buildings in Sigl Propagation

In this thesis, the impact of vehicles between the transmitting vehicle andeeesiwvbstacles
on signal propagation and network connectivity are analysed. Onlyighald§rom the LOS
part is considered, since it dominates the signal received, especially lighway scenario.
Other factors, e.qg. reflection/scattering from vehicles on the roadceuafad roadside building,
are neglected. How the signal is affected by the reflection/scatteringddnysvehicles and
roadside buildings, especially in an urban scenario is an interesting tofitdoe work, which
is very useful for the analysis of the system performance of VANETsactjte. The analysis
of interference in signal propagation will offer a tool for performansgneation of VANET

protocols in practical scenarios.
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6.2.2 Low Penetration Ratio of VANET Devices

The work in this thesis assumes that every vehicle in a VANET is equipped witine(ess
device and can be involved in information exchange or forwarding. Yeheainitial stage
of commercialisation, the penetration ratio of VANET devices could be low, lwiniakes the
possible VANET a sparse network. The network connectivity and efitgieof information
propagation directly affect the benefit and development of VANETsw toimplement ef-
ficient propagation in low penetration ratios is an interesting technical topittreccamore
users in the initial stage of VANETSs. Adaptation of the store-carry-fodveaheme which is
designed for disconnected networks can be one solution for the cése pénetration ratios.
The other possible solution is to increase the transmission power for higheectivity. The
relation between a threshold of connectivity and transmission range fqodowtration ratio,

e.g. 10%, 20%, is an interesting topic to be studied.

6.2.3 Urban Scenario: Performance Estimation of the Proposk Protocol and
Protocol Design

The environment of the work in this thesis is the highway scenario, in whictrdffec is more
simple than the urban scenario. The urban environment brings more caty fidetke research,
e.g. variable speed, changing vehicle density and turning or stoppiogatorners. The work
in this thesis proves that the speed and the density make an impact on networnkinications.
In addition, the leaving and merging of vehicles in the network affects thsitgesnd speed
and, further, the communication, the case being worse if the leaving vehidethe BMs.
To estimate the performance of the protocol in an urban scenario as widkag) protocols
dedicated to urban traffic, a traffic model of the urban case should figneéel/used, which
includes the features of urban traffic, e.g. merging and leaving of vehiodhicles gathering

near traffic lights, a broader range of speed, and so on.
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Appendix A
Extended results of Chapter 3

A.1 Impact of the Message Rate on Performance at Various Den-
sities in both DBA-MAC and the Proposals
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Figure A.1: The CDF of propagation delay in both DBA-MAC and the CWCMD at a density
of 20 veh/km with the changing ratio of the message rate

Figure A.1 shows that the various message rates affect the performfadBAdVAC and the

proposals insignificantly at a density of 20, since at a low density the absalmber of safety
messages is small enough to be unable to affect the propagation of otteargeesWhile at
a density of 100 (figure A.2), the effect of the message rate on therpefee is greater than
at a low density. This is because at a high density the absolute number afgesss greater,

provided that the message rate is the same. More messages increassitityos collision
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Figure A.2: The CDF of propagation delay in both DBA-MAC and the CWCMD at a density
of 100 veh/km with the changing ratio of the message rate

and the average waiting time of vehicles to transmit messages, which accouttie fnore

conspicuous gap of performance caused by the higher message rate.
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Appendix B
Extended results of Chapter 4

B.1 Theoretical Comparison between DBA-MAC and the Propos-

als at a Variety of Densities

Besides the results of the density shown in the content, i.e., 60 veh/km, atibelaremparison

at a density of 100 and 20 veh/km is presented here.
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Figure B.1: The CDF of distance distribution between adjacent BM in both DBA-MAC and th
proposals at a density of 100 veh/km

Figure B.1 and figure B.2 show similar features with the results at a density wélokm, i.e.
1) the relative distance of BMs in DBA-MAC spreads from 0 to the radigea240 m; 2) the

BMs in proposals locate closer to the edge of the radio range.

In DBA-MAC, every candidate within the radio range is able to win the contanttthough
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Figure B.2: The CDF of distance distribution between adjacent BM in both DBA-MAC and th
proposals at a density of 20 veh/km

with various winning probabilities, which accounts for the spread of distalstributions. In
the proposals, those candidates with greater suitability finish their waiting tinoeebeéins-
mission prior to the other candidates, which is the reason for the BMs closke tedge of
the radio range. The advantage of the proposals over DBA-MAC is thgtdte free from the

impact of vehicle density.

It can also be noticed that in DBA-MAC the performance of distance digtoibus better at
a density of 100 than of 20. At a higher density, due to the uniform distribwifosehicles’
location on the road, there are more vehicles in the area close to the edgeratiih range
on average, e.g. 200 - 240 metres. Inversely, it is highly possible that #ihe less vehicles
or even no vehicles in the same area at a lower density, e.g. 20 veh/kmid&ants the
greater suitability of the vehicles in the area close to the edge of the radie, riéueg will win
the contention with a higher probability than other vehicles and accordingigtetratio of

vehicles become the next BMs at the higher density.

The results also indicate that the BMs in the proposals at the higher dersitjoaer to the

edge of the radio range than those at the lower density. According to they thleorder statis-
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tics [60], once there are more candidates in the contention, the location cénliédate with
the highest suitability (the last candidate on the assumption that there is i) &pel@ser to
the edge of the radio range, which accounts for the greater distancedreajacent BMs on

average.

B.2 Theoretical Comparison between the Results of Order Statis-

tics and Proposals at a Variety of Densities

100% ‘ I ‘ I
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H —— BM distance in the proposals: simulation with no speed :
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Figure B.3: The CDF comparison between the simulation of the proposals with no sigeed d
tribution and the last candidate in order statistics, density 100

Figures B.3 and figure B.4 present the theoretical results of the locatioibdimon of the last
candidate at a density of 100 and 20 from the theory of order statisticee 8ip theoretical
location of the last candidate at a high density is closer to the edge of thereatje, the
relative distance of BMs at a high density is greater than the relative déstdraclow density,

which accounts for the performance gap of the proposals at diffdesrsities.

In the results of the proposal, the index of the last candidate is not a nbmatae considering

the radio range and the vehicles’ density. For example, the index of thealadidate can be 4,
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Figure B.4: The CDF comparison between the simulation of the proposals with no sfieed d
tribution and the last candidate in order statistics, density 20

5 or 6 in different cases of a density of 20 veh/km. Therefore, theecofthe proposal is the
weighted result of the indices in a variety of cases, i.e., about 4.8 at &ydeh20. While the
results of order statistics must be from an integer, i.e., 5 at a density of®2R4aat a density
of 100, the difference between the indices of the proposals and dadiistiss leads to the gap
in the CDF curves between the theoretical results of order statistics andghksrwith no
speed. Note that at a density of 100 and 60, the weighted indices fromdhgesia are close to
the indices of the vehicles from order statistics, the gap between the thabresiglts and the

analysis results is almost zero.
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Appendix C
Extended results of Chapter 5

C.1 The Connection Probability at VVarious Densities and the Ratio

of Tall Vehicles
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Figure C.1: Connection Probability of vehicles at a density of 20 /km at various ratidalbf
vehicles

Figure C.1, C.2, and C.3 present the connection probability at varioustidsnand various

ratios of tall vehicles.

At a low density, the number of obstacles in between Tx and Rx is smaller thaméhat a
high density, which accounts for the lower connection probability at a hégisity at the same

location.

The probability of there being no obstacle between Tx and Rx decreagethes rise of the

distance which is due to the distribution of the vehicles. Therefore, the attenwcaused by
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obstacle(s) is increasingly greater with the rise of the distance. In addiiempath loss is an
exponential function of the distance which is also the factor of reducingabgirength at the

receivers.

In addition, the figures show that at the same density the connection fiitybigthigher for
the case of the high ratio of tall vehicles near distance 0, but is overtakidve tbow ratio of tall
vehicles as the distance approaches the edge of the radio rangeditherge is divided into

three parts, 1) close distance, 2) middle distance, and 3) far distance.

1) At a close distance, i.e., less than 100 m, since the signal strength lassaned is relatively
small, the main factor which affects the signal strength at Rx is the case whst@cle(s) in
between Tx and Rx is/are taller than Tx and R, i.e., tall obstacle(s) and®hand Rx. The
occurrence of this type of case depends on the ratio of tall vehicles. eAsatio is 0.2, the
probability is 12.8%(80%*20%*80%). In general, itig(1 — a) wherea is the ratio of tall
vehicles. In the case of a lower ratio than 0.2, the occurrence of ssels gt less frequent

and therefore the connection probability is higher in the lower ratio of tallcleh

2) In the middle distance, the common feature of connection probability atraditées is that a
sharp slope occurs on the curves. The sharp drop of the curvassiscchy the sharp increase
of the probability of the obstacle(s) cases, which makes significant impabesignal strength

and connection.

Take the density of 60 veh/km as an example. The probability of one ohstacl@bstacles
and more, as is shown in figure C.4, rises with the distance, sharply frGnm&€res (twice
that of the security distance 50m). In the range from 100m to 150m, theotase obstacle
becomes the predominant case, the probability of which is above 50%. r@ihmtic rise of
the probability of one obstacle is the reason why the connection probabitips drharply in

this range, since the signal attenuation caused by one obstacle in thisisagrgat enough
to disconnect the link between Tx and Rx. This is proved by the connectaapility by

individual cases of obstacle numbers in different ratios of tall vehiakess shown in figure C.5
and C.6. In both figures, the connection probability drops dramatically in thdlenrenge,

which is the joint effect of path loss and attenuation by obstacle(s), ieigec the case of one

obstacle.

3) At a distance close to the edge of the radio range, the cases of nclelsffact play a

predominant role in the network connection, because in this range the patis large enough
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that the signal strength received is likely to fall below the threshold of theiver and the
obstacles affect the link more easily than at the close distance and middlecdist8ince
the probability of there being no obstacle is almost zero as we get closer &algjeeof the
radio range, the cases where obstacles cause little attenuation matter, i.e/Ralafd short
obstacle(s), tall Tx (or Rx) and short Rx (or Tx) and obstacle(s tokal probability of these
cases at the ratio of 20% tall vehicles is 28.8% which is greater than thehilityhaf 17.1% at

the ratio of 10% (figure 5.5) and O at the ratio of 0%(figure C.5). Thisautsofor the higher
connection probability at a distance close to the edge of the radio rangeghex hatio of tall

vehicles.
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