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Abstract

Over the past few years, there has been growing research interests on vehicula. ~d ".oc networks (VANETSs) due
to their ease of deployment and the potential support for wide range of appli~~*ions -at can greatly enhance our
everyday driving experience. Multi-hop messaging is expected to be t.e prin. ry mode of communication
among vehicles in numerous VANET-based applications including rcd safe y, traffic management and
infotainment services. Proper selection of the next-hop relay nodes is a~ ~ssew.. . part in the design of multi-hop
message dissemination schemes in VANETS, which highly governs “ae re | “ion of the broadcasted messages,
especially when evaluated over large coverage distances and high .. .e de sity networks. Existing message
dissemination schemes adopt only a single relay nodes selection ¢, “eric.. .or choosing nodes in the group of
next-hop relays. However, potential of the selected relay nodes can be rc ‘tricted due to exploiting only a single
selection criterion, hence limiting the performance outcomes. Thi. “esear a proposes a new class of hybrid relay
nodes selection scheme that attempts to exploit the best feature. ~f exi>ung message dissemination protocols, in
terms of message reachability, communication delay and hav “width utilization, while avoiding their
shortcomings. The new hybrid scheme takes into account .. » spatial distribution of the next-hop relay nodes
with reference to the current sending node. To the best of ou. knowledge, the present study is the first in
literature to propose such a hybrid scheme that attempts ~ 117 pi ve performance of VANETS over varying node
densities, traffic load conditions and mobility speed <cenai” s. Over the most stringent communication scenario
considered in this work, our performance analysis i1. .. ~tes hat the new hybrid scheme improves reachability
by up to 10% compared to the most competitive cony >ntivnal versions. This improvement is obtained while
having a marginal performance fall in terms o. Tne .- -to-end communication delays and messages saved
rebroadcast ratios.
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1. Introduction

Enabling direct wireless communicat on -.mong vehicles is a core component of the envisioned Intelligent
Transportation Systems (ITS) [1-3]. .= .irect y connected vehicles are commonly referred to as Vehicular Ad
Hoc NETworks (VANETS) [4-6]. 7 ne ena. ~ 2ment of information and communication technologies in vehicles
can enhance drivers' awareness ¢ 1. mediate and far distant traffic situations. Consequently, VANETS can lead
towards more intelligent decisions to de.' with the dynamic road-related events [1, 3]. VANETSs can support a
wide spectrum of applications .nc. 'ding road safety services, traffic flow and congestion management [7, 8]. On
top of that, it is envisaged *“at '/ ANETs will become the de-facto enabling technology for communication
among vehicles on the roar' [9].

Multi-hop messaging is xpe .ted *» be the primary mode of communication in VANETS that can be utilized for
diversified set of applicatio. = [T, 10]. In particular, a timely and successful reception of messages can be used
for the reduction of .ugh syeea road accidents by providing early warning messages to nearby and far distant
vehicles, hence inci rasing tl > reaction time to the advertised situations [11]. VANETSs can facilitate small to
large propagation are.. for *_ie broadcasted messages through multi-hop mode of communication, with coverage
distances spanr ag from few hundred meters to several kilometers [12]. Proper selection of relay nodes is an
essential part i1 the des) :n of multi-hop message dissemination schemes, which highly governs the reception of
the broadcasted . ~<<-ses, especially when propagated over large coverage distances and high node density
networks [ . 277 A poor selection of the relay nodes can lead to the loss of messages, hence significantly
limiting the 1 <r ption of messages. The success and failure in relay nodes selection becomes even more critical
when the broaas “sted messages are critical-in-nature, such as accident advertising alert messages.

High reachability and low end-to-end delay are among the key requirements of any message dissemination
scheme in VANETS [16, 17]. Furthermore, messaging schemes should ensure efficient utilization of the channel
bandwidth, a resource that is often scarce. Several schemes have been proposed to achieve the above described
goals, in which furthest distance (FD) based schemes are the most commonly adopted for obtaining low end-to-
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end communication delay [16, 17]. However, higher probability of messages loss is possible when selecting
nodes falling furthest in distance as relay nodes [18-20], which is due to the adverse channel effects, hence
resulting into degrading reachability performance. In contrast, link quality based message dissemination
schemes have gained popularity as an alternative solution to FD schemes and has sho vn to obtain better
performance levels in terms of reachability [20-24]. Though, several link quality based r ‘ssage dissemination
schemes have been proposed in literature, our previously proposed Bi-Directional !,tabic “ommunication
(BDSC) scheme has shown superior performance over its competitors in varying net~ -k conditions [21-23].
The BDSC scheme employs a sender-oriented relay nodes selection mechanism, whe' 2 this mechanism is
realized for its capability in improving bandwidth utilization by reducing rebroadcast re.> adancies [16, 25].

Existing message dissemination schemes designed using the sender-oriented r- ~ham. ~ adopt only a single
criterion for selecting all the nodes in the group of next-hop relays [16, 19, 2 |, w . we will refer to in this
work as “conventional” schemes. Both BDSC and FD adopt the design of ti. ~c .aventional scheme. Figure 1
presents an example of relay node selection in the conventional FD sch~~¢ in ~hich IDs of the next-hop
C = 12 relay nodes are selected using only a single criterion, which is in t' 1s case e FD. This selection process
is further elaborated in Figure 2 in which the source node A selects oni " those . = 12 relay nodes that fall
furthest in distance from its current position, represented by the node- 2, F, T, R, S, T, U, V, W, X, Y, Z. In
addition, Figure 2 portrays the spatial distribution of the selected rel .y nc .cs by source A in which only nodes
falling furthest in distance are exploited while the nearer ones arc _.cglec ed. However, it is possible that
potentials of the nodes falling nearer to the source will be overlooke. *vhe.. exploiting only FD for selecting the
relays.

The above described phenomenon is not limited to the convenu. ~al r., scheme but has also been observed with
other conventional schemes that have been proposed for VANETs . “1-23]. In general, the selected relay nodes
usually fall in close proximity to each other while adopti.> the conventional schemes, hence restricting the
spatial distribution, in the selected set of relay nodes. to a spc ‘fic region. Consequently, somewhat similar
performance outcomes are expected by the selected rela 's. 1 w.. limitation can be mitigated if the full spectrum
of the spatial distributions can be exploited systematical, -~ In general, it has been observed in literature that
conventional schemes exhibit promising perform.+n.~ in terms of saved rebroadcast but have several
shortcomings in-terms of end-to-end delays and reacha. ility, especially when evaluated over densely populated
VANETS [21-23].
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Fir are 1: Re.ay nodes selection in the conventional FD scheme.
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Figure 2: Spatial distribution of the selected € = 12 relay nodes wher exploiti \g FD as the only criterion
for the next-hop relay nodes selection over a plato. " of v nicles.

In light of the above-described limitations, there is a need for com rinir 4 m ‘ltiple relay selection criteria for
exploiting their best features in terms of reachability, end-to-end uclay » «d saved rebroadcast, and while
suppressing their shortcomings. So far, such a challenge has not bee.. ~ddressed in the literature yet. However,
devising a message dissemination scheme that ensures good performance evels is a challenge given the inherent
dynamically changing topology and traffic conditions in VANETs | 4-2¢ (. In an effort to fill this gap, this paper
proposes a hybrid scheme in which a sender-oriented relay sele. ‘~n mechanism is adopted while the next-hop
relay nodes are selected using multiple relay selection cr’*-~" . TI._ proposed scheme attempts to select relay
nodes while combining the selection criteria used in FD and L ™SC schemes in particular ordered combinations.
In this work, the combination focus have been place * ~ver th¢ FD and BDSC schemes, since FD has the
potential to reduce end-to-end delays [16, 17] while B.YS( has shown promising improvements in-terms of
reachability over high node density networks [21-27" Hav. g said that, the hybrid scheme does not limit itself
in employing FD and BDSC schemes only. In-fact, ;¢ ~moination of other message dissemination schemes
can also be put into investigation while employir« the su ~gested steps for devising a hybrid scheme. The hybrid
scheme attempts to fulfill the requirements of a . “de spectrum of applications spanning from road safety to
infotainment services, with focus on improving messay: reachability in the presence of heavy communication
over a dense network. The core contribution~ .~ *his work are as summarized below:

e A hybrid scheme that attempts to exp. iting t! e potentials of multiple relay selection criteria for choosing
the group of next-hop relay nodes.

e The design principles adopted fo- dev’sing e hybrid scheme.
e  Structure of the two variants w chin tne » oposed hybrid scheme.

e Study the performance impr :t . varying node density, traffic load and mobility speed scenarios over the
proposed hybrid scheme.

The rest of the paper is orga’ ‘zed .s follows. Section 2 discusses the related work with an emphasis on the most
recent studies. Section 3 provide. ~ brief discussion on the exploited BDSC schemes as a base component in the
proposed hybrid scheme Sec ion 4 discusses the design principles followed for devising the hybrid scheme
along with the ordered-. ™} mnatj ns of the two proposed variants within the hybrid scheme. Section 5 presents
the simulation envire»men, ~ sumptions and the parameters of the selected mobility models. Section 6
discusses the attrib ites of ‘he hybrid schemes w.r.t. the suggested design principles. Section 7 evaluates
performance of the . vbrid sc 1eme and analyzes the obtained performance results. Finally, Section § provides a
conclusion for thi~ *voi.. '_ng with future research directions.

2. Related Vork

VANETS are selt-u. _.nizing networks and facilitate communication among vehicles without the need for costly
infrastructu. »s |« . In VANETS, vehicles function as nodes where each can play the role of a host as well as of
a router [1, 2, [he amount of in-lab research and on-road tests related to VANETSs have intensified over the
past few years [, 3]. This has been fueled by the fact that VANETS can play a key role in improving road safety
and traffic flow efficiency along with a variety of comfort and infotainment applications, where the reduction of
road traffic accidents has been the mainstream research focus in VANETs [12, 17, 29-31]. In general,
broadcasting is employed in VANETS for the dissemination of both single-hop HELLO packets and multi-hop
application messages [32]. The information incorporated inside the periodically broadcasted HELLO packets is
a valuable source for a given node to learn about its surrounding conditions, such as the neighboring nodes’
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mobility speed, travelling direction, positioning coordinates and relative distance [16]. On the other hand, the
information within the application messages are utilized to further rebroadcast the received messages to
upstream nodes, such as the dissemination of event-driven alert messages for advertising nearby road accidents.

The multi-hop message dissemination in VANETSs is generally categorized as being either localized or
distributed [33], based on their independency and dependency on the neighborir z 1. des information,
respectively. The localized routing approach does not gather neighboring nodes information, .vhere a node
solely takes a routing decision based on the local information it holds or those whic! hax : been received with
the message to rebroadcast [34]. Localized mechanisms have low overheads due to ." = 7 ssence of information
exchange among neighboring nodes. However, this comes with the cost of being u. ~warc € surrounding nodes
situation that can act as a major setback for many VANETSs based applications espe ‘ally for safety related
messaging schemes. In contrast, a distributed routing requires frequent upc .tes ~~ the neighboring nodes,
usually gathered through periodic HELLO packets [16, 17]. In a distributed ~ut’ag approach, a node can be
aware of various information about the surroundings at the cost of increased ~vern. s in the exchanged control
packets. However, several techniques have been proposed for suppressinc the ov ~thead causes by the periodic
exchange of HELLO packets in distributed routing, such as using probabili tic broa casts [34].

Selection process of the relay nodes is usually classified as being e’.ner recerver-oriented or sender-oriented
[33]. In the receiver-oriented relay nodes selection, all nodes recc 'vir 2 the broadcast message contend for
becoming the next-hop relay [17]. As a result, the relay is implicitl - decided - a the fly by the message receiving
nodes. However, the receiver-oriented relay nodes selection leads ~wards redundant rebroadcasts of the
message resulting in poor utilization of the available bandwidth. ™ the se1 der-oriented relay nodes selection, the
source node takes the responsibility of explicitly selecting a _~oup . €~ sdes from which the nodes contend for
becoming the next-hop relay [16, 19, 25, 35]. The motive beh.. 1 employing a sender-oriented relay nodes
selection is two-folds. The first is to explicitly regulate, at -« scuucr side, the number of nodes that contend for
forwarding the received messages. The second is to explicitly ~<qulate the waiting time each node has to wait
before accessing the channel for message rebroadc .. “ith assistance of this regulated rebroadcasting
mechanism, a reduction in message rebroadcast redundai. *v s obtained, leading towards efficient utilization of
the channel’s bandwidth.

Opting towards a sender-oriented relay selection require. defining the relay cardinality at the sender side, where
the maximum number of IDs that can be accommou.'~tea w. this list of next-hop relays can be defined as the relay
nodes cardinality C. Improper cardinality can lead to ‘nefficient performance, where a small cardinality can
result in loss of the disseminated message if -** ~ominated nodes fail to rebroadcast while a large cardinality can
increase the rebroadcast redundancy if th . relayn 3 node fails to notify the other contending relays [16, 25].
Most research on multi-hop messages diss. minati ,n in VANETSs has mainly emphasized on the reduction of
end-to-end delays over a platoon of v :hicles |- _, 16, 17, 19, 36]. Reduction of end-to-end delay is usually
addressed by choosing relay nodes “uillip , furhest in distance from the source, also defined in literature as
greedy or progress distance based - 2ssa, * dis .emination scheme [16, 17, 36].

A message broadcasting scheme er. ~d as privileged inter-vehicular communication architecture (PIVCA) was
proposed in [17], and further utilized in |. 5] for the reduction of end-to-end delays. PIVCA proposes to estimate
the forward and backward t ansi ission ranges to the single-hop neighboring nodes with assistance of the
information exchanged with.. thr periodic HELLO packets. At the time of messages dissemination, a receiver-
oriented relay selection r echan.. m is adopted where PIVCA utilizes the estimated transmission range for
optimizing the relay noc .s' v iiting time before rebroadcasting the received messages. In [16], an asymmetric
transmission ranges amo. ~ ,ing) -hop neighboring nodes is considered, where intermediate nodes are used to
convey HELLO pack . betw. n any pair of nodes of which one of the nodes is not able to hear the other
directly. In the sam - work, furthest-spanning relay selection scheme is introduced which is a variant of FD
scheme. The furthes -spanni .g scheme selects the set of nodes which have the largest sum of distances from
source and their “._asmiso:on ranges. Relay nodes having larger furthest-spanning distance would have smaller
rebroadcast wa cing tim s, and hence higher chances of becoming relays.

A broadcasting p.. “~ ol has been introduced in [19], referred to as the multiple candidate relays opportunistic
broadcast \ 1 .. =™ protocol. The MCROB protocol, aims to reduce communication delay by adaptively
assigning dyrn. v .ic waiting time to the relays candidates before forwarding the received messages. An expected
transmission sp. >d (ETS) metric is proposed to evaluate the performance of broadcast transmission speed.
Simulated performance evaluation shows that MCROB protocol increases the average transmission speed by
approximately 40%. In addition, a retransmission mechanism is adopted to enhance messages reception
reliability. Density-aware emergency message extension protocol (DEEP) was proposed in [12] for the
dissemination of emergency messages in VANETs. In this work, alert messages dissemination over large
coverage area was discussed, where the targeted area was divided into three segments and provided with
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different alert messages reception priorities. The protocol was designed with the aim that nodes in the nearest
and the furthest segments should receive the alert messages reliably, whereas nodes in the middle segment
should forward the alert messages as quickly as possible. Reliability is addressed by adaptively configuring the
number of alert messages retransmission according to the surrounding nodes density over a given block size.
The fast forwarding mechanism was achieved by providing smaller waiting time to nodes “esiding in segments
that are further away from the source. The proposed solutions in [12, 16, 17, 19] utilizes ae k. *echnique when
selecting the next-hop relay nodes. With the limitations in the FD based schemes, de- ~“bed in Section 1, the
methods in [12, 16, 17, 19] can result in heavy losses of the transmitted messages. zspe' ially over high node
density VANET.

A link metric, termed as expected progress distance (EPD), has been intreduceu n [20] to assess the
transmission link quality between nodes in a VANET. The EPD measures the sack »*~ transmission failure rate
for both forward and reverse links. The forward link's error rate is reported b~ the neighboring nodes, whereas
the reverse link's error rate is a measured quantity at the receiver. However loss . “ the occasional packets that
report the forward link's error rate could lead towards faulty estimations of tink qu ~lities, hence faulty selections
of relay nodes. The computation of EPD metric is dependent on both fon -ard and reverse link qualities, where
poor reverse links' performance may overshadow the good performance ~f 1. = u links, resulting in neglecting
those potential forward links. In addition, piggybacking of the forw .rdin- 'k quality while broadcasting the
periodic HELLO packets is an additional overhead to bear. A path ™~ .sity nechanism has been proposed in
[35] which selects two nodes at each message rebroadcast, one as a  ~lay ¢ - . the other as an auxiliary broadcast
node. The relay node performs multiple functions by rebroadcasting tu. received messages, selecting the next
relay and selecting an auxiliary node. The auxiliary node a. ments the relay nodes' broadcasts by only
rebroadcasting the message without performing any relay no '=s sc..ction. High reachability of messages is
possible while employing the path diversity mechanism in [35, “ut at the expense of additional channel
bandwidth utilization due to the usage of two separate broau. ~st paths.

A selective forwarding scheme for multi-hop alert me. . -~ “issemination in VANETSs was proposed in [25],
which efficiently utilizes the bandwidth by assigning a .'w .ted set of nodes as the contending relays. In this
scheme, a sender-oriented relay nodes selection is . 'opotec while assigning nodes having larger distance and
lower velocity difference with the source a higher | v10.™*y for becoming the next-hop relays. The sender-
oriented relay selection concept proposed in [257 '~ ~dop.~d for the hybrid scheme proposed in this work, which
plays a major role in improving the efficiency of bandwidth utilization, measured in-terms of saved
rebroadcasts. A clustering and probabilistic broadcasung (CPB) is proposed in [27] to provide stable and
reliable communication among nodes. Ve'..cie. are group in form of clusters and data among vehicles is
exchange through a cluster head, whereas cluster 1. embers use probabilistic forwarding to forward their data to
the cluster head. The authors select cluster 1. ~ds "Jased on node’s channel condition calculated by the adopted
Nakagami channel model. However, t' ¢ N-kagaini channel model is term as not being an accurate model that
could represent the channel conditio: - ar ong ae vehicles. Furthermore, the adopted probabilistic selection of
forwarding nodes inevitably result into ~b oadcast redundancies, hence degrading performance in-terms of
bandwidth utilization which the a ."ors have not evaluated in their work.

An Energy Efficient Routing ™otocol ror Vehicular Ad Hoc Networks, named as GreeAODV has been
proposed in [37]. In commur catic a between any two nodes in VANETSs, GreeAODV aims to reactively select
the most efficient routing p. - in-terms of energy consumption, by estimating the total power consumed
between source and destir ition. Sec. sral distributed models have been devised to handle services management in
vehicular networks, ame 1g th em i~ a concept of Vehicular Trusted Third Party (VTTP) that is proposed in [38]
which allows drivers to . mlo’. the benefits of different services. Simulation results indicate significant
reductions in servicr ., 1atency, which in-turn could greatly benefit in different VANETSs-based applications,
especially in safety services. Our previously proposed BDSC scheme introduced a forward link quality based
relay nodes selection ~hem: which has shown improvements in-terms of messages reachability when compared
to similar exist’ .g solutions, especially over highly dense networks [21-23]. The scheme also managed to
maintain low « nd-to-en ! delays comparable to those obtained by the FD schemes. Different variants of the
BDSC scheme 1. 've be .n suggested where it has been observed that one variant tends to outperform the other
ones over ¢ “~n network conditions while fails to do so over other conditions.

In addition to ".¢ above discussed different techniques adopted for devising message dissemination schemes in
VANETS, deep .:arning models have shown strong potential in optimizing the relay nodes selection process
[39]. Deep learning has drawn substantial attention due to its noticeable progress in several areas such as image
classification and video game playing [40, 41]. In-fact, several deep learning frameworks have been developed
in VANETS in relation to multi-hop messages dissemination [42]. These deep learning frameworks aim to learn
the dynamics of the network followed by making decisions aiming towards network performance optimization



along with improving road safety services such as the prediction of rear-end collision detection [42]. Further, the
incorporation of random walk models have shown potential to optimize relay nodes selection in VANETSs.
Several graph-based algorithms have been proposed based on random walk technique in order to optimize the
movement between one node to another over a graph [43, 44]. A novel subMarkov ran‘'om walk (subRW)
framework was proposed in [43] to unify four different random walk based algorithms. T' > current node walks
out to other nodes along the edges connected with it while using a certain probability, w! ere u.. random walker
is transformed to a random walker with Markov transition probability.

Table 1 provides a summary of the above-discussed related works, which highligh. tb . different forwarding
mechanisms used by the investigated protocols/schemes. It also shows the protoco. ‘sche.. s as either adopting
a sender-oriented or a receiver-oriented next-hop relay nodes selection mechanisn. where most of them
consider the sender-oriented due to its capability in providing controlled re' roac ~~<ts, hence facilitating an
efficient utilization of the available spectrum.

Table 1: Comparative study for the main features exhibited by the invest. *ated V ANETS protocols/schemes.

Protocol / Scheme Traffic Forwarding mechanism  V2V/ V2l Simu ’atm’ Application Se_nder/Recen{er
awareness Scenau o oriented relaying
PIVCA [17, 36] Yes Furthest distance v2v Highway Infotamme_n tand Receiver-oriented
safety services

Oracle [16] Yes Furthest transmission range V2v Highway  Safety services Sender-oriented

MCROB [19] Yes Expected transmission speed V2. Highway Safety services Sender-oriented

Selective . . . . . .

forwarding [25] Yes Distance and relative velocity > Highway Safety services Sender-oriented
Can be incorporated with Highwa .

Path diversity [35] Yes different forwarding vV gway Infotammept and Sender-oriented
mechanisms and Urban  safety services
Combination of multiple IV &

DEEP [12] Yes algorithms w.r.t. distance \‘/21 Highway  Safety services Receiver-oriented
from source

EPD [20] Yes Dlstance qnd forgd/ reverly v2v Highway  Infotainment Sender-oriented
links quality

GreeAODV [37] Yes Energy effic :ncy V2v Urban Safety services Sender-oriented

. my . .

CPB [27] Yes Clusterip 4 and DRglffistic V2v Highway Infotammept and Receiver-oriented
broadcs ‘ing safety services

BDSC [21-23] Yes Distance and to. -ard link Vav Highway Infotammept and Sender-oriented
que vy safety services

3. Base Component of k, Yrid Scheme

This section provides a I 1ef » escrintion of the BDSC scheme and its variants [21-23], which represents a major
building block in the dev. - 1 hy' rid scheme. The BDSC scheme has been designed with a particular focus on
safety-related applice’ . .1s anu or the case of multi-lane and strip-shaped roads structures as one of the major
potential applicatior of VA. TETs [1]. The BDSC scheme is composed of three operation layers, namely the
“HELLO packets ex. hange” "Link Quality Estimation" and the "Link Selection" layers, where the following
subsections prov’.. desuuiptions of the three stated layers. In addition, the last subsection is devoted to discuss
the details of st 1der-or. 'nted relay nodes selection mechanism that is adopted for the proposed hybrid scheme.

Before going into .. uetails of the above described points, the forward/reverse links concept is clarified at this
stage for fu ‘ne: .. e in the manuscript. In a given pair of nodes, each node has two communication links with
the other, mo:  ,pecifically the forward and reverse links [24]. While considering the example of a pair of nodes
A and B, the co.. munication link from A to B is considered as the forward link of A, while the communication
link from B to A is the reverse link for node A. In the remaining parts of this paper, the terms “vehicle” and
“node” will be used interchangeably as seen best fit within the context. In addition, the terms “packet” or
“HELLO packet” will be referred to the periodically generated beacons, while “message” will be used when
referring to application specific data that are generated for multi-hop propagation; such as an alert message.



3.1 HELLO Packets Exchange Layer

Initiated by each node in the VANETS, single-hop neighboring nodes information are exchanged with the
assistance of periodic broadcasts of HELLO packets. The exchange of information is limited to single-hop
nodes, which is considered as sufficient for a given node to get acquainted with the surrounc ing nodes condition
[16, 17]. The information embedded inside each HELLO packet contains the source n de’s ID, positioning
coordinates and an updated list of directly connected vehicles, referred to as the active cc amu.. ~ation nodes list
(ACNL). A given source node’s ID can be represented by the MAC address of -~ IEEE-802.11-based
transceiver, and the positioning coordinates can be taken with assistance of satellite sv ,tem jased receivers, such
as receivers for the Global Positioning System (GPS) or Global Navigation Satellite .- cem (GNSS) [45]. On
the other hand, the ACNL is built locally at each node as a result of using the no.'»s IL. extracted from the
received HELLO packets. At each node, the ACNL is reset after the broadcast -~ eacn "'ELLO packet, while
being updated between every two consecutive HELLO packets broadcast.

3.2 Link Quality Estimation Layer

In conventional vehicular communication scenarios, the broadcasting sou e can: ot be aware of the number of
HELLO packets that were successfully received at the other nodes, unless . cknowls dged by the receiving nodes.
However, explicitly acknowledging the reception of the broadcast pacl-ets ~= _asily lead to the well-known
broadcast storm problem. In order to resolve this problem, thr BD”C scheme introduces an implicit
acknowledgement mechanism for the successfully received HELL™ pack: ts over the forward links. The
proposed mechanism runs locally in each node at the “Link Qua..~" Es!’~.ation” layer by which quantitative
representations of the forward link qualities are obtained.

Implicit acknowledgement for the successfully received HELL > nacn..s is achieved by taking assistance of the
ACNLs (discussed in Section 3.1) that are incorporated inside thc HELLO packets. For each HELLO packet
reception, the receiving node scans the ACNL for its own 1. In case the node finds its ID within the ACNL, the
node realizes that its last sent HELLO packet was heard by u.> current sender, which in-turn is an implicit
acknowledgment. As a result, the corresponding im, 'iciv ..." nowledgement count (IAC) for that link is
increased by one. In contrast, the HELLO packet is di.~urded and IAC is not incremented if the implicit
acknowledgement condition is not satisfied. The ex} -« »d n. mber of HELLO packets within the time duration
Tgpsc is defined by Tgpsc/ Ty, where Ty, is the time inte 'var between consecutive broadcasts of HELLO packets.
The forward link quality (LQ) between a pair ¢. nwi.” - expressed by LQ = IAC/(Tgpsc/Tr), where higher
values of LQ indicate better quality of the commu.. ~ation link. Estimation of the forward link quality is a
periodic process that takes place after everv time period Tgpg-. Within the time period Tgpge, acceptance or
rejection of the received HELLO packets f . the | ocess of link quality estimation is carried based on the above
described algorithm. In this work, a syste. = config' ration of Tgpsc = 5 sec is considered, which is also similar
to those adopted in other relevant resear .h wou.. - "20].

A message flow sequence depiction o. ‘2 im ticit acknowledgement process between a given pair of nodes A
and B is presented by Figure 3. V hile foc. ,ing on node A, the first increment in the IAC occurs due to the
successful reception of the HELL D . ~ket at node B (transmitted by node A), and then immediately followed by
the successful reception of the HELLO p. ket at node A (transmitted by node B). Similar patter can be followed
for the third HELLO packet t st itted from node A. In contrast, loss of the second HELLO packet transmitted
from node A leads towards ti. ab ence of an increment in IAC at node A.



Node A Node B

Th< !

’ HELLOF ick. twith | \ T
- A7 NL(2, ' “
Tn< 1 HELLO Packet with = —!
e ' ACNL(B) € A's ID — N
ST S0
f HELLO Packet w .1 P
' ACNL(A) L
T,< i HELLO Packet with
No IAC t ACNL(B) ¢ A's ID
Th

1]

]

]

1]

)

)

)

“ i
increment L ;
]

]

]

[ ]

[ ]

]

[ ]

L ]

]

]

Figure 3: Message sequence chart depicting the implicit acki.. vler yjement of the broadcasted HELLO
packets in the BDSC su2me.

3.3 Link Selection Layer

The third layer in the BDSC scheme is the "Link Selec ‘,n" layer which prioritizes links, hence nodes, for
rebroadcasting the received messages. Based on the « '« "en 1. 1k selection policy, as described briefly below and
in more details in [21-23], the broadcasting node sele. ts « set of links representing potential relay nodes and
includes their IDs in the broadcasted messages. -« "' * 'z Selection" layer is dependent on feedback received
by the "Link Quality Estimation" layer, as a consequ. ~ce the dynamic updates of link qualities occurring every
time Tgpsc Will have a direct impact on the selected relay nodes at the time of message broadcast. Two adaptive
link selection criteria are discussed in this r «xper a. described below.

3.3.1  lterative Link Search

The “Iterative Link Search” algorithm .earres tor all the links that satisfy the LQ > Th condition, where Th is
a predefined system parameter depic. ng . thrr shold value. While employing a sender-oriented relay selection
mechanism, the algorithm checks i” all ¢ .~z choices are filled at end of the searching process, and if not, the
current threshold Th scale is rec ..~ by a magnitude of 0.1 resulting in a new defined LQ = Th condition.
Based on the new defined threshold sca.. a search for new links that satisfy the new condition takes place while
avoiding those that already h7 .¢ een selected. This process stops when either all C nodes choices have been
fulfilled or the threshold Th < 0 ondition is reached or that all available link options have been exhausted. In
each search iteration, once the u. ~ful nodes are identified, the nodes falling furthest in distance from the source
are given higher priority ror - 2layiug with the aim of reducing the end-to-end delay. The selected nodes are
sorted in a descending ¢ Jer icco Jing to their distance from source, where the sorting process at each iteration
excludes the nodes that weie ~e ected in the previous iterations. For the purpose of this study, a link selection
condition defined as the thr shold Th = 1.0 is adopted for the “Iterative Link Search” algorithm which depicts
the selection of link. that ha' ¢ the highest link quality ratios. The Th = 1.0 condition aims to improve message
dissemination reli~hiln, = _asured in-terms of messages reachability.

3.3.2  Distar ze to Lit k Quality

This algorithm . “nee a composite metric based on the estimated link qualities of neighboring nodes with the
source anc .. - ~orresponding distances d, determined by the product LQ X d. The product gives a new
quantitative 1. et 1c which attempts to strike a balance between the link qualities and the progress distances from
the source. Am\ 1g the C selected links, hence nodes, a higher priority is given to those links with larger product
values. For this work, the maximum considered distance d from the sender is defined by the configured
transmission range R for the wireless transceiver, which is adopted as 300m for this research [46]. In the
“Distance to Link Quality” algorithm, the product value increases as both LQ and d increases. However, a
higher link quality does not imply having a larger product value out of LQ X d, since d can also largely effect



the end product. As a naming convention, the “Iterative Link Search” with Th = 1.0 and the “Distance to Link
Quality” criteria will be referred hereafter as BDSC (Th = 1.0) and BDSC (LQ X d), respectively.

4. The Hybrid Scheme

The concept of hybrid relay nodes selection is introduced in which different message diss . ~ation schemes are
exploited to devise a new class of schemes. While adopting the sender-oriented mechanism, the * ybrid scheme
attempts to combine the best features of existing messaging schemes while suppre sin, their shortcomings.
Structure of the sender-oriented mechanism incorporated within the proposed hybric schr .ne is as follows. The
list of IDs representing the contending next-hop relay nodes are constructed at the ~ende. -‘de and referred to as
“relay priority list” [21-23], where each entry in the list is represented as a “siv.” In order to obtain a
rebroadcast priority among the C contending relays, the entries inside the “rela pr.ority hist” are assigned with
prioritization indexes, referred to as the “relay priority index”, i. A given rela; wit! higuest rebroadcast priority
is assigned with the lowest index value, and vice versa is correct. At the time . © message dissemination, the
constructed “relay priority list” is incorporated inside the message, then tra .smitte to the neighboring nodes. At
the receiver side, those nodes that receive the broadcast messages but d » not fin | their IDs inside the “relay
priority list” do not contend for becoming a next forwarder. If ID of a recer. o r ,de is within the received list,
the receiver sets its rebroadcast waiting time, referred to as “relay waiti»~ time”, proportional to the “relay
priority index” of the node’s ID. The “relay waiting time” is the proc ‘et of “r lay priority index”, i, with a pre-
defined waiting slot duration of @ msec, and is given by t; =i: ~ wb= i =0,...,C — 1. Once one of the
explicitly selected relays rebroadcasts the message, all other contendu._ nodes will stop their waiting process
once hearing that rebroadcast. By setting up an appropriate v ‘ting tir ¢ difference between the contending
relays, a rebroadcasting priority is inherently achieved, leadin, *owa. '~ «.he reduction of redundant rebroadcasts
and hence high efficiency in bandwidth utilization [21-23].

4.1 Design Principles of Hybrid Scheme

This section explores several attributes of the convent: ..." "N and BDSC schemes, as the building blocks for
the hybrid scheme. This step is considered to utilize thesc t'.ibutes as design principles for the proposed hybrid
scheme. Even though this research exploits FD and I ™SC s hemes only, the suggested principles can be used as
guidelines while considering any other set of messag > «. <emination schemes. This section also presents and
discusses the behavior patterns of the attributes v =-=r inv ~stigation, which are taken as the basis for devising the
ordered-combinations in the hybrid scheme. The.  vertormance patterns were previously observed for the
investigated schemes when evaluated over differenc simulation environments [21, 22]. Since similar
performance patterns were obtained for the ... mes under investigation, hence we can infer that the obtained
patterns can be generally endorsed to the investig ited schemes without being significantly influenced by the
adopted simulation setup. Details of the in, >stigr .ed attributes along with behavior patterns are given in the
following subsections.

4.1.1  Link Quality

The link qualities between a giver <ource anu the potential relay nodes assists in predicting the probability for a
transmitted message to success’ally . ~ch the relays. In this research, the estimated forward link quality is
considered as the quantitative - _, "esentation for the probability of message reception [22], in which higher link
quality indicates greater prot .bilit ; of reception and vice versa is correct. The link quality is mainly affected by
the distance between the sourc. nd the receiver, surrounding nodes density and adverse propagation channel
effects. More precisely, |- vger listance, denser network and higher channel fading intensity results in higher loss
of the exchanged HELL ne kets and hence lower link qualities are obtained.

The FD and BDSC schemrs are studied for their link quality patterns. Though FD does not adopt any link
quality estimation ¢ ncept, t e link quality estimated for the FD scheme is based on that obtained through the
algorithm used for the RN scheme. Details on the link qualities obtained for FD and BDSC schemes can be
found in our prr vious vorks [21-23], while this section would present their main findings. In FD, it is of interest
to know that a. the nod density increases, nodes selected as relays exhibit the lowest link quality ratios when
compared to thos. ~h*-.ned by BDSC (Th = 1.0) and BDSC (LQ X d) schemes. The BDSC (Th = 1.0) exhibits
the highest u.. —~lity, while the BDSC (LQ X d) is known to exhibit better link qualities to those obtained by
FD but lowe. t'.an those obtained by BDSC (Th = 1.0). Though it can be generally stated that higher link
quality implies 'n improvement in message reachability, but the same cannot be said for BDSC (Th = 1.0)
which has been known to exhibit poor reachability and high end-to-end delays as the node density increases due
to the large hop counts required for reaching a targeted destination [22].

4.1.2  Spatial Distribution of Relay Nodes



In this research, the spatial distribution is defined as an estimated separation distance between the current source
and the set of next-hop potential relays nodes. This estimated distance is calculated as the average distance
between the source node and the selected C relay nodes. The average distance is calculated according to each
relay node’s contribution in forwarding the received messages among the set of C relay nc ses, and is given by
d = (X5, w;d;), where w; is the relaying contribution of node i, in percentage, and d; ic w..~ actual distance in
meters of node i from the source.

The main findings obtained previously for the investigated FD and BDSC scheme arr as d scribed next [21-23].
The FD scheme selects those nodes as relays that fall farthest in distance from the sou. ~e, which reduces the
required hop counts to reach a targeted destination and hence the overall end-to-end . '2v [ 16, 22]. In contrast,
the BDSC (Th = 1.0) selects those nodes that fall nearest in distance from the sou c= which in-turn results in
large hop counts to reach a desired node, hence increasing the end-to-end d. ~v. -inally, the BDSC (LQ X d)
scheme attempts to adaptively strike a balance between distance and link gr~lity 1. her than considering only a
single factor. In BDSC (LQ X d), the nodes selected as relays fall far i . distal. ¢ from the source when the
surrounding node density is low, while tending to become closer to the ser ler as t} : node density increases [21,
23]. The working phenomenon of the BDSC (LQ X d) scheme result ... low w.up count requirements and low
end-to-end delays at low node density VANETS, while having a sn all = .d : nooth increments in hop counts,
hence in end-to-end delay, as the node density increases [21, 23].

In FD scheme, the distance of the selected relay nodes from the sena r exhibits a rise as the node density
increases. This occurs since more nodes are present within a . ~ecifi , broadcast area as the node density
increases, which in-turn increases the probability of finding rc.>vs tarther in distance as compared to that in
lower node density VANETSs. The BDSC (LQ X d) and BD<" /> - 1.0) schemes tends to select relays closer
in distance from the source as the node density increases, . ce nodes fulfilling the conditions of these two
schemes tend to become closer to the source with increa~= in node Jensities.

4.1.3  Performance of Messaging Schemes

Performance of the investigated message disseminat. . ~che. 1es is measured in terms of messages reachability,
end-to-end delay and saved rebroadcast over both W w «ad high node density VANETs [21-23]. It is of
importance to comprehend these three performa.. = v !~ lors of the examined message dissemination schemes
to be able to device an effective hybrid scheme. 1. verformance study of different message dissemination
schemes assists in deciding upon which messaging scheme is best fit to be used for a given slot in the “relay
priority list” of the sender-oriented relay nr Jdes se. ction.

The FD scheme is known to exhibit low ena-. *-epn . delay along with having high saved rebroadcast [16, 17, 22]
but at the cost of poor reachability pe  .orn ance vver high node density VANETSs [22]. However, it is realized
that over high node density VANETs, ‘he :nd-* »-end delay tends to increase noticeably in the FD scheme as the
relative speed difference among t : noac i .creases [22]. On the other hand, BDSC (Th = 1.0) exhibits the
highest link qualities, but poor re7 .. ~bility performance is exhibited as the node density increases. This is due to
the length of the communication path o ~urce node has to traverse to reach the destination, where the success
and failure probabilities of a r .cs. “ge’s propagation at each hop would affect the following ones. In contrast to
the situations over high nodr dens .ty VANETS, higher reachability is noticed by BDSC (Th = 1.0) at low node
densities when compared v-ith 1. * and BDSC (LQ X d) [22]. Furthermore, high end-to-end delay is exhibited by
BDSC (Th = 1.0) along wit! low saved rebroadcasts, which become more prominent as the node density
increases. Finally, the EXSC (LQ x d) scheme exhibits the best reachability performance, especially over high
node densities, while showin, ~ mpetitive end-to-end delay and saved rebroadcast to those obtained by FD.

4.1.4  Relay Nod: s Contri ution

The relaying contribu.. ~» ~” each relay node, among the group of C contending nodes, is suggested to be studied
in our previous w~orks '21-23]. The relaying contribution provides an insight on the involvement of each relay in
rebroadcasting he rece /ed messages while employing a given scheme. This would assist in determining the
usage frequency « © = - .ven message dissemination scheme within the devised hybrid scheme. Computation of
relaying cc u.. ““~n for each relay node is performed by counting the number of cases where a given relay has
indeed relayc ' ae message. For an end-to-end communication scenarios that occurs over H hop counts, the
relaying contrit “tion is computed by R; = H;/H, where H; = 0, ..., H and H; is the number of times a given
message was relayed by a relay node having the “relay priority index” i.

For the investigated FD and BDSC schemes, it is deduced that those relay nodes having the “relay priority
index” i = 0 exhibit the highest contribution in relaying the received messages, when compared with all other
contending C relays [22]. Furthermore, more than 80% of relaying is performed by relays with “relay priority
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indexes” ranging from i = 0 to 2, which represent most of the relaying contribution [22]. Based on the
described observations, it is aimed to exploit the maximum potential of the messaging schemes over the first
three relays within the “relay priority list”, i.e. for relays with “relay priority indexes” ranging from i = 0 to 2,
when devising the hybrid scheme. This is due the fact that effective combinations applied fc - the first three slots
will most likely have a potential impact on performance of the hybrid scheme.

4.2 The Ordered-Combination in Hybrid Scheme

The attributes discussed in Section 4.1 are considered to determine the ordr.ed- ombinations of the
conventional FD and BDSC schemes, which are utilized for devising the proposc. t /brid schemes. These
attributes determine the combination of the exploited message dissemination sche mes, w. ~ir order and usage
frequency while preparing the “relay priority list”. Two variants within the hyb~1 scne me are proposed, each
having a different ordered-combination of the exploited conventional schemes I[n t . ~onventional techniques,
the group of relay nodes are selected at each message broadcast based on ~ s'.igle message dissemination
scheme.

In this section, we introduce the concept of choosing the set of relay nodes b sed on different messaging
schemes. Each node within the “relay priority list” can be chosen based o.. » di’.erent message dissemination
scheme. In addition, a given message dissemination scheme can be v,ed = "tiple times for selecting the relays
within the group of C selected nodes. The proposed two variants ~f e h brid schemes attempt to further
improve the reachability performance over that obtained by the cc. etite~ " JSC (LQ X d) and FD schemes at
both low and high node density networks [21, 23]. The two proposed va. ants of the hybrid scheme is referred to
from this point onwards as Hybrid (FD) and Hybrid (LQ X d).

4.2.1  Hybrid (FD) Scheme

The goal of the first variant in the proposed hybrid relay .ccuuu scheme is to obtain low end-to-end delays,
similar to those obtained by the conventional FD scheme, wn.'» improving reachability performance over that
obtained by BDSC (LQ X d). By keeping these objectit . . —ind, the first proposed hybrid scheme, referred to
as Hybrid (FD), exploits FD, BDSC (LQ X d) and BDSC 7’. = 1.0) in a combination depicted by Figure 4. The
Hybrid (FD) naming convention is adopted since t. . first . 'ot within the “relay priority list” of the proposed
scheme is always occupied by a relay node selected ba. »a . ~ the FD scheme.

In order to obtain low end-to-end delay, Hybrid (1 ™ assigns the first slot in the “relay priority list” with a node
ID while exploiting the FD scheme, which in-turn selec:s the ID of the farthest node in distance. However, the
messages disseminated using the FD schenr .. “ighly likely to be lost over the propagation channel which in-
turn causes a drop in reachability. To com .ensate 1 r the reachability shortcomings exhibited by FD, the Hybrid
(FD) assigns the second slot in the “relry pr. ity .ist” with a relay node ID based on BDSC (L@ X d). In-fact,
by employing BDSC (LQ x d) for the secr ad slot within the “relay priority list”, the Hybrid (FD) attempts to
maintain low end-to-end delays besid. ir prov ang reachability.

C=12

A e
~— —~

v, ! BUSC | BDSC | BDSC | | BDSC
r.Qxd) |(Th=1.0)|(Th = 1.0) (Th=1.0)
X - -
—-v—
Slots=10

=igure 4: The ordered-combination in Hybrid (FD) scheme.

As discussed .~ Section 4.1.2, BDSC (Th = 1.0) portrays the selection of nodes that are: near in distance to the
sender, resulting in relay nodes selection having high probability of successful messages reception. However,
BDSC (Th = 1.0) suffers from loss of the broadcasted messages and rapid increase in end-to-end delays if the
same technique is utilized repeatedly over each hop. Therefore, BDSC (Th = 1.0) is utilized with the proposed
Hybrid (FD) scheme as a recovery technique for the cases in which the first and second relay nodes listed in the
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“relay priority list” fail to relay the broadcast message. In effect, the Hybrid (FD) scheme assigns the third and
the onward slots in “relay priority list” with a relay nodes IDs based on BDSC (Th = 1.0).

While summarizing the working mechanism of Hybrid (FD), the FD scheme attempts to reluce the end-to-end
delay, the BDSC (LQ X d) attempts to compensate the messages loss by FD while also m- ntaining low end-to-
end delay and lastly, BDSC (Th = 1.0) attempts to recover the loss suffered by rel.iys s.'~cted using the
previous two schemes. At each hop, the message broadcast maintains the same combir ... ‘n in the Hybrid (FD)
scheme, hence always promoting the furthest in distance node as its first option. W ile - oserving the devised
combination in Figure 4, a spatial distribution in relay nodes selection is obtained hy the ~roposed combination
in Hybrid (FD). This is realized by the fact that the first selected node in the “rela, riority list” would fall
furthest in distance from the source, while the second would be comparatively r .are ' in distance and the last ten
nodes would be the nearest in distance. This is opposed to the conventional <D s _heme in which all selected
relay nodes would likely be the ones that are furthest in distance from the source.

4.2.2  Hybrid (LQ x d) Scheme

As it is discussed in Section 4.1.3, the end-to-end delay tends to increase ~otic_.ably, while adopting the FD
scheme, as the relative speed difference among the nodes increased. s a ~~nsequence, it is likely that Hybrid
(FD) will exhibit an increase in the end-to-end delay over speed scer i~ , hav ng high relative speed difference
among the nodes, which is due to the adoption FD scheme for its " st slo* v .thin the “relay priority list”. In an
effort to rectify the problem, this section proposes a new variant for .~ hybrid scheme, referred to as Hybrid
(LQ x d), where its composition is presented by Figure 5. The "vbrid (J @ X d) differs with Hybrid (FD) only
by adopting BDSC (LQ X d) for the first relay slot within .. » “re.. priority list”, which is also the reason
behind its naming convention. In general, Hybrid (LQ X d) aims .* similar goals to those by the Hybrid (FD)
but while being more effective over mobility models with 1. =n relative speed difference.

C=11
— N -
BDSC | BDSC | BnS" | BDSC .| BDSC
(Laxd) | (LQxd) |(Th=" 2|(Th=1.0) (Th = 1.0)
C~— _
_'v_
Slots=10

Figure 5: The r /der :d-combination in Hybrid (LQ x d) scheme.

4.2.3  Pseudo Code of Hybria Schem.

Algorithm 6 gives a pseudo .od: representing both proposed variants within the hybrid scheme. The given
pseudo code is mainly dividc ! int , two parts. The first part, as given in Lines 10 — 31, represents the selection of
the first and second relay -.odes . “thin the slots of “relay priority list” and while exploiting the FD and BDSC
(LQxd) schemes. The se ond part. as given in Lines 33 — 50, represents the selection of the remaining ten slots
within the “relay priori., ".st” .nd while exploiting the BDSC (Th = 1.0) scheme. Details regarding the
operation of the propr~ 1 hyuv. - schemes represented by the pseudo code is as follows:

e The program i itially s lects which variant of the two proposed hybrid schemes to use for messages
dissemination, 1. eith- r+ Hybrid (FD) or Hybrid (LQxd) This is decided based on the input argument
“$arg”, as - .piesented by Line 1. A value of 0 indicates the selection of Hybrid (FD), while a value of 1
indicates t. e selecti n of Hybrid (LQxd).

e Initialization . © ~~ .eral variables involved in the algorithm takes place in Lines 3 — 7, including the setup of
relay 1. ‘av, . “Yinality to a value of C = 12.

e Selection ¢ the first and second relay nodes within the slots of “relay priority list” is given in Lines 10 —
31. In both proposed variants of the hybrid scheme, the first and second relay nodes are selected by
exploiting the conventional FD and BDSC (LQxd) schemes.

e For the proposed Hybrid (FD), the first relay node within the slots of “relay priority list” is selected by the
FD conventional scheme as depicted by Lines 14 — 19. While the second relay node is selected by the
BDSC (LQxd) conventional scheme as depicted by Lines 22 — 28.
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For the proposed Hybrid (LQxd), the first and second relay nodes within the slots of “relay priority list” are
selected by the BDSC (LQxd) conventional scheme as depicted by Lines 22 — 28.

For both proposed Hybrid (FD) or Hybrid (LQxd) schemes, the last ten nodes within the “relay priority list”
and are selected while exploiting the BDSC (Th = 1.0) scheme, as depicted by Lines 3~ — 50.

The IDs of C = 12 selected relay nodes are provided along with their priority index st - 0 to 11. The list
is incorporated into the broadcast message to be sent further upstream, as represente” by Lines 51 — 54.
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Hybrid Relay Nodes Selection Algorithm

1. setscheme = S$arg; // Take “arg"” as an input for hybrid scheme selection
2. // scheme = 0 for Hybrid (FD), scheme = 1 for Hybrid (LQ x d)
3. setTh=1.0; // Initializing for BDSC (Th = 1.0)
4. composite_metric=0; // Initializing for LQ x d
5. setC=12; // Initializing relay nodes cardinality
6. setd=0; // Initializing for internode distance measurement
7. setcount=2; // Initializing for relay count check
8.  when broadcasting a MESSAGE
9. {
10.  //Selecting first two relay nodes using a combination of FD and/or BDSC (L7 x d)
11. FOR(i=0; i<count; i++) // Selecting Crelays
12 FOR (all single-hop neighboring nodes)
13. IF (node_direction is backward AND node unselected as r lay) THEN
14, IF (scheme == 0 AND i == 0) THEN /{/ Hybrid , . (FD' n Slot 1
15. IF (internodes_distance > d) THEN
16. d =internode_distance;
1z qualified_nodes_id[i] = node_":
18. ENDIF
19. END IF
20. // scheme=0andi=1,thenits Hyk. *(FD),,. ™ 4)inSlot2
21, // scheme=1andi=00R 1, thenits Hyb:. ' .Q x d), (LQ x d) in Slots 1 and 2
22, IF((scheme==0ANDi==1)C. scneme==1AND (i==00Ri==1))) THEN
23. d = internode_distance;
24, IF ( (JAC/ (Teose/Th )} x> we..  ~*2_metric) THEN
25. composite_metric = AC/ (Taose/Tn ) x d;
26. qualified_». « - id[i, -node_id;
27. END IF
28. ENDIF
29, END IF
30. END FOR
31. ENDFOR
32. I
33, //Selecting last tenrelay odesu. ~F JSC(Th=1.0)
34.  WHILE(1)
35, FOR all unselecie " <i' gle-hr p nodes;
36. IF (no” 2_directiv, * backward) THEN
37. v "AC/ (Teosc/Tn )) x d 2 Th) THEN /{ Node is selected
38. gu.iified_nodes_id[count] = node_id;
39. qualified_nodes_distance[count] = node_distance;
40, count ++;
41. “NDIF
42, _NDIF
43, T FOR
44, sort“qe  fied_nodes_distance”in ascending order ;
45, sort walified_nodes_id"in correspondance to “qualified_nodes_distance”;
46. Th= h-0.1;
L i (Th <0 OR count==C) THEN
48, BREAK;
1l ENDIF
50. END WHILE
. select first C entries from "qualified_nodes_id";

52, assign relay priority index (i = 0 to 11) to selected nodes;
5Z. incorporate the selected list of relays inside MESSAGE ;
54, broadcast MESSAGE ;

Algorithm 1: A pseudo code representation of the Hybrid (FD) and Hybrid (LQxd) schemes.
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5. Simulation Environment

Throughout this research, the following assumptions are considered which have been widely adopted in similar
studies [12, 16-18, 35, 36]. A single-way, multi-lane and strip-shaped road segment is considered where all
vehicles move in the same direction. Nodes travelling in the same direction results i . links with longer
connectivity duration as compared to nodes travelling at opposite directions over a tv . vay road segment.
Having a higher link life implies a higher contention between the neighboring nodes due to ... * periodically
exchanged HELLO packets. The single-way road scenario assists in evaluating the pro’ osc ! hybrid scheme over
high contention channel. Furthermore, all vehicles are assumed to be equipped w' h th , necessary hardware
devices required for the operation of the hybrid scheme, namely a wireless transreivei. adhering to the IEEE
802.11p standard [16, 17], a positioning device such as GPS or GNSS based receiv. < and a data processing
unit. The Network Simulator 2.35 (ns-2) is used as the simulation platform wi. >re the main modifications
performed in the IEEE 802.11 standard is the usage of carrier frequency o” 5.9 GH. and a control channel
bandwidth of 10 MHz, to adhere with the recommended IEEE 802.11p standara | *r vehicular communications.
It is also assumed that node ID’s are represented by a single alphe’.cucal lewer within the simulation
environment, while any addressing scheme can be adopted in real-life scer irios.

The adopted relay node cardinality is € = 12 [47]. The proposed .,bria scneme is designed to work in
compatibility with the control channel of the IEEE 802.11p-based { ans- cive “s of the DSRC technology. The
transceivers are configured for 300 meters transmission range, as reco.umens ed in the IEEE 802.11p standard.
Furthermore, The evaluations are performed over the Two-Ray Gro. ~d retlection channel model as the most
commonly adopted wireless propagation channel model in VANETs | 2, 16-18]. A simulation time of 130
seconds is assigned for each simulation run in which performance € the aybrid scheme is evaluated, where the
results are averaged over 40 simulation runs.

The mobility models are identified in literature as influencu. - factors on performance of message dissemination
schemes in VANETS, especially on the link life among neig..“oring nodes and network partitioning [48].
Therefore, two mobility speed ranges are considered t. eve uu.. performance of the proposed hybrid scheme
that represent widely adopted speed scenarios in literatur. .or VANETS [12, 16, 17, 49]. The speed scenarios
adopted range from 95-105 km/h and 80-140 km/h. ' ..~ for. 1er represents a small relative speed difference of
10 km/h among the nodes, resulting in a platoon of veicles with nodes distributed in close proximity to each
other. The later represents a higher relative sp. ~u . sence among the nodes that results in nodes being
positioned much farther from each other when compa. ~d to the 95-105 km/h scenario. In both speed scenarios,
each node is randomly assigned with a mohility speed within the considered speed range which remains
constant throughout the simulation time - erioa. Performance evaluation over different mobility speeds can
reveal different performance trends for ai._ - investi ated schemes, in which the proposed hybrid scheme should
be of no exception. In-fact, limiting erfor.. v _e evaluation over a single speed scenario can imposes a
limitation on understanding the perfor .anc . behavior of the hybrid scheme.

A platoon of varying network de isities = ging from 50 to 600 nodes are considered, while adopting an
increment of 50 nodes per simul ...~n scenario. Coverage area of the platoon varies as a function of the total
node densities and the employed sp.~d scenario. Initially, vehicles are uniformly distributed over an
approximately 4 km highway .cg. \ent. The highway road is a three lanes strip shaped road segment with each
lane of 3.7 meters in width nd 7.l vehicles are of 4m in length. Based on the above defined parameters, the
node density per kilometer repi. "entation is given as approximately 12 nodes/km for a 50 nodes network, and
approximately 150 nodes <m “or the case of 600 nodes network. The 4 km road segment containing the platoon
of vehicles is part of a 2?0 ".m I ghway road over which the vehicles move throughout the 130 seconds of
simulation time. At each sn.. 17 ton run, the platoon of vehicles is placed at the beginning of the 20 km road.
Based on the two a .opted »eed scenarios, the maximum distance that any given vehicle would cover in the
considered simulatic n time s approximately 5 km. As a result, all moving vehicles would stay within the
maximum defined lim.. “~~ .ae 20km highway road.

Two types of t -oadcast are considered which are represented by HELLO packets broadcast and the multi-hop
application mess. =< F oadcasts. In order to analyze the impact of varying network traffic load on the proposed
hybrid sche e, =~ different HELLO packets broadcast frequencies are adopted, namely 10 packets/second and
2 packets/sec v 1. Since all nodes are initially distributed uniformly over a 4 km road segment, the first 60
seconds are giv 1 for the nodes to get distributed over the adopted topography. At the start of the next 60
seconds, the first (source node) and the last (destination node) nodes in the platoon are dynamically identified by
the simulator. This is followed by the multi-hop application messages by broadcasted periodically with a
frequency of 10 messages/second, that are initially generated by the source node. Broadcast of the application
messages start after the passage of 60 seconds of simulation and continues for the next 60 seconds. The last 10

15



seconds of simulation is given for the messages within the platoon to complete its propagation process for
reaching the desired destination, i.e. the last node in the platoon. Furthermore, a size of 512 and 256 bytes are
chosen for the broadcasted HELLO packets and application messages, respectively. A summary of the main
parameters used in our simulation experiments are presented in Tables 2 while Table 3 lists the system
parameters adopted for the IEEE 802.11p standard.

Table 2: System parameters.

Parameter Value
50 — 600 nod .s
(increment of 5/ nod .s)
HELLO packet size 512 Bytes
Application message size 256 F ytes
10 pac. ets/sec

Total node density

HELLO packet frequency 2 packe.. ‘sec
Application message frequency 10 - aessa~~s/sec
Antenna type On. vi-~.rect Hnal
Transmission range 30N~
Simulation runs <" runs

130 s ;conds
(» ~rm-., 7 sec; messages
disseminatio. A0 sec; flushing messages
n queue 10 sec)

Simulation time

Table 3: IEEE 80z."1r parameters.

Parameter ] Value
Frequency ' 5.9 GHz
Channel bandwidth 10 MHz
Data rate 6 Mbps
Slot time (o) 16 usecs
SIFS time 32 usecs
Preamble le. ~th 32 usecs
PLCP head r leng. 8 usecs
CW pin 32 slots
Wy _ 1024 slots

6. Attributes Analysis of Hybriu Scheme

Before discussing the perfor aanc . results, this section presents and analyzes the attributes exhibited by the
hybrid scheme, along with .~ paring them to those obtained by the building blocks, i.e. FD and BDSC
schemes. The attributed rscussea 1 this section are those adopted as the design principles for devising the
hybrid scheme, as discu- sed * cevir usly in Section 4.1. These attributes are analyzed according to the simulation
environment adopted ana .’ <cus ,ed in Section 5. In this work, the attributes study has been limited to traffic
load condition of 10 .1eLL0 puckets/sec, which is a more stringent communication environment as compared
the 2 HELLO pack 'ts/sec s enario. These analyses would assist in comprehending the performance results
obtained by the hybr. scher .e, as presented in the next section.

The link qualit_ attribut s of the two variants with in the hybrid scheme, i.e. Hybrid (FD) and Hybrid (LQ X d)
is presented by Tieurs 6 (a) and (b) for the two considered 95-105km/h and 80-140 km/h speed profiles,
respectivel: . The figure also presents those attributes for the conventional FD, BDSC (LQ X d) and BDSC
(Th = 1.0) s he nes that have already been mentioned in Section 4.1.1. In Figure 6, the Hybrid (FD) scheme
exhibits a higl v link quality when compared against the conventional FD scheme over high node density
networks. This is due to the relaying contribution of those nodes that are selected based on BDSC (LQ X d) and
BDSC ( Th = 1.0), as depicted by the ordered-combination of Hybrid (FD) scheme in Figure 4. On the other
hand, a marginal rise in link quality is exhibited by the Hybrid (LQ X d) scheme when compared against the
conventional BDSC (LQ X d) scheme, which occurs due to the relaying contribution by nodes selected based on
BDSC (Th = 1.0), as depicted by the ordered-combination of Hybrid (L@ X d) scheme in Figure 5.
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Figure 6: Estimated link quality ratios obtained by the hybrid schem s as a fu 1ction of node density and
with mobility speed ranges (a) 95-105 km/h (b) £*-140) n/h.

The spatial distribution attributes of FD and BDSC schemes have ali >ads vec » elaborated in Section 4.1.2, and
is presented along with those for the hybrid schemes in Figures 7 a) aud (b) over the 95-105 km/h and 80-140
km/h speed scenarios, respectively. Through Figure 7, it can be .“<erved that varying spatial distribution
patterns are exhibited by the hybrid schemes when compared te the convi 1tional schemes, which becomes even
more prominent as the node density increases. The Hybrid ") .nd Hybrid (LQ X d) exhibit spatial
distributions that is closer in distance from the source when comy. ved to their conventional counterparts, i.e. FD
and BDSC (LQ X d), respectively. This is due to the rele-=~ _ __.....oution by nodes selected based on BDSC
(Th = 1.0) criteria in the hybrid schemes. Finally, a trivial J*fference between the 95-105 km/h and 80-140
km/h speed scenarios is noticed for all investigated sche = -
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Figure 7: Spatial distribu. ~ obtained by the hybrid schemes as a function of node density and with
mohiliyy speed ranges (a) 95-105 km/h (b) 80-140 km/h.

The link quality ratios o1 ." * inv sstigated schemes along with their spatial distributions have direct impact on
the hop counts requi cu by the schemes for delivering a message to the destination. In this research, the hop
counts is estimated or end-t -end communication scenarios. As far as it is concerned with the proposed Hybrid
(FD) and Hybrid (.7 X d* schemes, a small hop counts increment is observed when compared to their
counterpart con” cutional schemes, presented by Figure 8 (a) and (b) for the 95-105 km/h and 80-140 km/h
speed scenario , respec ively. This in-fact is just a reflection of the spatial distribution behavior of the two
proposed varian. - in th- hybrid scheme, where relay nodes selected based on Hybrid (FD) and Hybrid (LQ X d)
fall slightly ~'~<er to the sender as compared to FD and BDSC (LQ X d), respectively, leading towards small
increment in the required hop counts. In addition to hybrid scheme attributes, Figure 8 also presents the hop
counts requirec. by the investigated conventional schemes.
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Figure 8: Hop counts obtained by the hybrid schemes as a function f node « ensity and with mobility
speed ranges (a) 95-105 km/h (b) 80-140 +. m/h.

While focusing on the highest considered node density of 600 ~ode: V. NET, the relaying contribution
exhibited by the hybrid scheme is presented in Tables 4 and 5 for uwwe 95-7J5 km/h and 80-140 km/h speed
scenarios, respectively. The values in Tables 4 and 5 focus on the 1.'2ying contribution for relays having the
“relay priority indexes” i = 0 to 2, since most of the relaying is perfor 1ed by these nodes. Over the 80-140
km/h speed scenario, a fall in relaying contribution is exh'hite. " *.ose relays having the “relay priority
indexes” i = 0 for the Hybrid (FD) and the conventional FD sc.. mes, when compared to their counterparts in
the 95-105 km/h scenario. This actually results in higher - " _..un by relays with “relay priority indexes”
i = 1and 2, hence increasing the “relay waiting time” and n. “ce the overall end-to-end delay. In contrast, the
Hybrid (LQ X d) and the conventional BDSC (LQ X ) ~~hemes tend to maintain the relaying contributions
performed by the relays with “relay priority indexes i =0 when evaluated over both considered speed
scenarios, hence low end-to-end delay is expected tc * = obt. ned over both underlying scenarios.

Table 4: Relaying contribution of nodes in (9~ haseu 9n the investigated message dissemination schemes
for a 600 node density VANE . ana uver 95-105 km/h speed scenario.

Relay Priarity Index

0 1 2 0-1 0-2
Hybrid (FD) 515 925 458 84.4 88.98
Hybrid (LQ x d) 86.62 440 358  91.02 94.6
FD 8345  9.66 202  93.11 95.13
BDSC (LQ X d) 89.76 544 161 9520 96.80
BDSC (Th = 1.0) 8828 953 160 97.82 99.41

Table 5: Relaying contribu’ .1on ' f nodes in (%) based on the investigated message dissemination schemes
for a 600 .. ¢ density VANET and over 80-140 km/h speed scenario.

Relay Priarity Index

- 0 1 2 0-1 0-2
Hybrid (F"») 62.73 14.99 4.66 71.72 82.38
Hybrid (L7 x d) 86.74 4.73 3.08 91.47 94.55
FD 65.82 16.37 6.16 82.19 88.35
BDS . (LQ x 1) 88.95 5.62 1.62 94.58 96.20
BDSu (Th = _.0) 83.37 12.13 3.01 95.50 98.51

7. Perforn. :nce Evaluation

This section presents and discusses the performance results of the two proposed variants in the hybrid scheme,
with investigation focus on three performance measurement metrics, i.e. end-to-end delays, reachability and
saved rebroadcasts. The end-to-end delay is an important performance metric when evaluating message
dissemination schemes in VANETs [16, 17, 32]. The end-to-end delay is measured between two ends in a
platoon of vehicles, as the total time required for the message that was initiated by the leading node of the
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platoon to reach the last node of the same platoon [16, 17]. The delay between two consecutive relays is usually
influenced by four delay factors, including the processing delay, transmission delay, channel access delay and
propagation delay. For the case of sender-oriented relay selection mechanism, another delay factor is added at
each relaying node which is the “relay waiting time” of each contending relay. Reache'ility represents the
percentage of nodes that received the message out of the total nodes that are reacha’,. either directly or
indirectly [32]. Direct reachability indicates a single-hop communication, whereas an indn. ** reachability
indicates a multi-hop communication scenario. In this work, reachability is measur' &4 1 r both conditions in
which the broadcasted messages have reached and have not reach the last node -~ t . platoon. The saved
rebroadcast depicts the amount of bandwidth being saved while disseminating ~ me. ~ge over a targeted
coverage area, where higher saved rebroadcast indicates better bandwidth »tiliza. ~n by the underlying
broadcast mechanism. The saved rebroadcast determines the number of rebro dcas - ~aved while relaying the
received messages [32], as present by (r — w)/r, in which r represents the to.. ' » :mber of nodes that received
the message and u is the total number of nodes that rebroadcasted the receiv- * messa_=.

We consider a confidence interval of 95% for the mentioned performar ‘¢ meas' rement metrics. Each result
point is obtained by averaging over 40 simulation runs, where the ~~~ult .~ _ach run is averaged over the
broadcast of 600 application messages. Hence, each result point | rese” .cu. in this section is as a result of
averaging over the broadcast of 24,000 application messages.

8.1 End-to-End Delay

Figures 9 and 10 show the end-to-end delay performance ob.. ned Fy the hybrid schemes for simulation
scenarios of 2 HELLO packets/sec and 10 HELLO packets. “=c, 1espectively. In the adopted traffic load
conditions, higher end-to-end delays are generally observed in 1. - 10 packets/sec traffic load scenario as
compared to its counterparts in the 2 packets/sec scenario.

For the traffic load scenario of 2 HELLO packets/sec, F. vuie = - presents the end-to-end delay over the 95-105
km/h speed scenario in which it exhibits a marginal in. *.nents in delay by the proposed Hybrid (FD) and
Hybrid (LQ X d) schemes over the conventional 1 . ~nd "DSC (LQ X d) schemes, respectively. The delay
increment exhibited by the two variants in the hybria ~che mes is mainly a reflection of the increment in their
respective hop counts, as discussed earlier in Se. -o.. © t 1 the other hand, Figure 9 (b) presents the end-to-end
delay over the 80-140 km/h speed scenario in whic.. the end-to-end delay tends to increase noticeably for the
conventional FD scheme. This is due to being more influenced by the delay induced through the “relay waiting
time” as compared to that by the hop count , disc “ssed earlier in Section 4.1.4. In-fact, the Hybrid (FD) scheme
exhibits a lower end-to-end delay compar d to the :onventional FD scheme. This is due to being influenced by
BDSC (LQ X d) as a building block v :thin [~ "(ybrid (FD) scheme that results into having a lower “relay
waiting time” than the conventional F ) sc’ eme. In-fact, the end-to-end delays of the Hybrid (FD) scheme lies
approximately between the delays ex..™if .d by the conventional FD and BDSC (LQ X d) schemes as a result of
being simultaneously influenced by ooth sc. = nes’ end-to-end delay behavior.
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Figure 9: End-to-end delay performance for the hybrid schemes with 2 HELLO packets/sec and mobility
speed of (a) 95-105 km/h (b) 80-140 km/h.
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For the traffic load scenario of 10 HELLO packets/sec, Figure 10 presents similar performance patterns to those
obtained in the 2 HELLO packets/sec scenario. However, a more prominent increase in the end-to-end delay in
the conventional FD scheme is observed as the communication environment becomes more stringent. This is the
case observed for the adopted high traffic load scenario when evaluated over a mobility s’ eed profile varying
between 80-140 km/h, as presented by Figure 10 (b). In contrast, the Hybrid (LQ X d) 'nd BDSC (LQ X d)
schemes tend to maintain the lowest and almost similar end-to-end delays as the comn anica. ~n environment
becomes more stringent.
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Figure 10: End-to-end delay performance for the hybriu ~~hemes with 10 HELL O packets/sec and
mobility speed of (a) 95-. ... ™ (b) 80-140 km/h.

8.2 Reachability

Figures 11 and 12 show the reachability performance ~biw. ~ed by the hybrid schemes for simulation scenarios
of 2 HELLO packets/sec and 10 HELLO packet: *..~ res ectively. In the adopted traffic load conditions, lower
reachability is generally observed in 10 packets/sec *raftic load scenario as compared to its counterparts in 2
packets/sec scenarios.

For the traffic load scenario of 2 HELLC packei /sec, a reachability improvement is shown by both hybrid
schemes over high node density networks . hen ¢ ympared against the conventional schemes, as presented by
Figures 11 (a) for the 95-105 km/h spr ¢d scena. 0. On the other hand, the Hybrid (FD) scheme generally falls
below in performance when comparr ( to .ne ¢ ynventional BDSC (LQ X d), as presented by Figure 11 (b) for
the 80-140 km/h speed scenario. T' 2 po. = ve formance of Hybrid (FD) over the 80-140 km/h is influenced by
FD being the first relay selection -iterion in ordered-combination of the hybrid scheme. However, in the same
80-140 km/h mobility scenario, t.1e Hy. ~id (LQ X d) scheme outperforms all conventional schemes and over all
considered node densities. He ..~ in can be stated that the Hybrid (LQ X d) scheme exhibits reachability
improvements against the co’ vent ynal FD and BDSC (LQ X d) schemes.
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Figure 11: Reachability performance for the hybrid schemes with 2 HELLO packets/sec and mobility
speed of (a) 95-105 km/h (b) 80-140 km/h.
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For the traffic load scenario of 10 HELLO packets/sec, Figure 12 presents similar performance patterns to those
exhibited in the 2 HELLO packets/sec scenario. However, a more prominent performance gain is noticed by the
hybrid scheme, especially the Hybrid (LQ X d) when compared to the conventional FD and BDSC (LQ X d)
schemes. In-fact, a steeper fall in reachability performance is observed for the convention « FD scheme as the
communication environment becomes more stringent. While more robust performanc. '~ observed by the
Hybrid (LQ X d) scheme over more stringent communication conditions.
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Figure 12: Reachability performance for the hybrid schen.>s with 10 HELLO packets/sec and mobility
speed of (a) 95-105 k +u.. /) R0-140 km/h.

8.3 Saved Rebroadcast

Bandwidth utilization of the proposed hybrid scheie . evaluated in terms of saved rebroadcast, and is
presented by Figures 13 and 14 for the 2 HELLC ;:~ckew ‘sec and 10 HELLO packets/sec traffic load scenarios,
respectively. In high node density networks, both va. *ants in the hybrid scheme exhibit good performance levels
in terms of saved rebroadcast over both considered tratiic load scenarios and over both speed scenarios as well.
In-fact, minor impact on saved rebroadca . pe. ormance can be observed out of the change in traffic load
conditions. The saved rebroadcasts of ' oth hyb id scheme fall marginally short of that obtained by the
conventional FD and BDSC (LQ X d) sche.. =s, " vhile surpassing the BDSC (Th = 1.0), over all considered
scenarios. When comparing Hybrid (F"») w'th Hybrid (LQ X d), almost similar performance is exhibited by the
schemes over high node density netv. ~vks In ¢ sntrast the proposed hybrid and the conventional FD and BDSC
(LQ x d) schemes, the conventior .l BL." [h = 1.0) exhibits poor saved rebroadcast ratio due to the large
number of hop counts required to .. 'iver a message to a certain node in the network.
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Figure 13: Saved rebroadcast performance for the hybrid schemes with 2 HELL.O packets/sec and
mobility speed of (a) 95-105 km/h (b) 80-140 km/h.
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Figure 14: Saved rebroadcast performance for the hybrid schemes v.”*th 10 AELL O packets/sec and
mobility speed of (a) 95-105 km/h (b) £ 4-140 “m/h.

8. Conclusions

This paper has introduced the concept of hybrid relay nodes sei. ~tion alc 1g with two variants within the hybrid
scheme, referred to as the Hybrid (FD) and Hybrid (LQ X d), “or ei.” '¢nt multi-hop message dissemination in
VANETSs. By adopting the sender-oriented relay nodes selection n. ~hanism, the hybrid scheme selects a group
of relay nodes while using an ordered-combination of diffc ~nt relay selection criteria. This is in contrast to the
conventional schemes where a group of relay nodes is selectc.' by means of a single message dissemination
scheme. Performance of the hybrid scheme has been \« vai.. ' over two varying traffic load conditions with
periodic packets frequency of 2 HELLO packets/sec and 1 "{ELLO packets/sec. For each traffic load condition,
two different mobility speed scenarios are considerc - . ~ngi. ~ from 95-105 km/h and 80-140 km/h. In the most
stringent communication scenario considered in this wrk, “.e. traffic load of 10 HELLO packets/sec, mobility
speed between 80-140 km/h and node density o! .27 =n«.»s, a reachability improvement up to 10% and 40% is
exhibited by the Hybrid (LQ X d) over the conventi. ~al BDSC (LQ X d) and FD schemes, respectively. These
improvements are obtained in most cases without scanting the end-to-end delays or saved rebroadcasts. In light
of the obtained results, we affirm that adop’.ag a ‘ngle criterion for relay nodes selection limits the reachability
performance, whereas adopting multiple « -iteria fo the same improves that performance. The proposed Hybrid
(LQ x d) scheme displayed more robvstness ‘o .dverse communication conditions as compared to all other
conventional schemes, especially as th . nor ¢ density and traffic load increases. Robustness of Hybrid (LQ X d)
was clearly observed through its susta. “aF .lity "a reachability performance. The Hybrid (LQ X d) has shown the
best reachability performance over a tratti. ' ,ad conditions of 2 HELLO packets/sec when evaluated over both
considered mobility speed scene 1v. of 95-105 km/h and 80-140 km/h. In-fact, similar performance patterns
were observed for Hybrid (LQ X d) ove: *he same mobility scenarios while increasing the traffic load condition
from 2 HELLO packets/sec to .01 ELLO packets/sec.

The hybrid relay nodes selec.. ' scheme can be further improved by studying and devising other potential
combinations between thr diff>rent .elay selection criteria. Another interesting future direction for this research
work could assess the pr -for’ anc’ of the proposed hybrid scheme using more realistic simulation environments,
such as adopting actual roa.. ma s models for urban/rural environments, more realistic mobility patters (such as
by using SUMO, VI',5IM), ana wireless propagation channels which take into account both channel fading and
radio obstacle effec s. An 1 leresting area to explore would be the optimization of relay nodes selection in
VANETs through the dev opment of a decentralized random walk based algorithm, which could further
improve comm .nicatirn efficient over complex communication scenarios. Since these algorithms are graph-
based, hence it s possib 2 to use a graph to describe the nodes and their selection over a VANET.
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Highlights

e A new class of hybrid relay nodes selection scheme is proposed for VANETS.

e The hybrid scheme attempts to exploit the best features of existing schemes.

e Hybrid scheme improves reachability especially over a highly dense VANETs.

e Reachability is improved without scanting end-to-end delays or saved rebroaa. sts.



