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Abstract—We propose a vehicle-to-roadside communication the number of concurrent sender nodes is expected to be large
protocol based on distributed clustering where a coalitioal game |EEE 802.11p, the standard for wireless access in vehicular
approach is used to stimulate the vehicles to join a clustegnd a environments, has a performance degradation problem when
fuzzy logic algorithm is employed to generate stable cluste by ’ .
considering multiple metrics of vehicle velocity, moving @attern, the number of sender nodes increases due tQ the MAC layer
and signal qualities between vehicles. A reinforcement leaing ~contention scheme based on the exponential backoff [1],
algorithm with game theory-based reward allocation is empbyed [2]. Many protocols have been proposed to solve the first
to guide each vehicle to select the route that can maximize ¢h problem [3]-[12] using different techniques such as priagic
whole network performance. The protocol is integrated witha routing protocol [6], quality-of-service (QoS)-aware tiog

multi-hop data delivery virtualization scheme that works on the o . )
top of the transport layer and provides high performance for [7], opportunistic routing [8], street-centric approaéh, [RSU

multi-hop end-to-end data transmissions. We conduct readtic controlled approach [10], intersection-centric approfddf or
computer simulations to show the performance advantage otie  geographical routing [12]. However, the second problentlis s

protocol over other approaches. under-explored.

Index Terms—VANETS, vehicle-to-roadside communications, ~ In recent years, some clustering approaches have been em-
routing protocol, game theory, fuzzy logic, reinforcementlearn-  ployed to mitigate the hidden node problem and improve the
ing, multi-hop data delivery. wireless resource utilization efficiency [13]-[19]. Thesiim

of the clustering algorithm for dynamic VANETS is particu-
[. INTRODUCTION larly difficult, and most existing studies ignore some intpat

With the increasing demand of collision avoidance systenfactors specifically, vehicle mobility, vehicle distrifom and
intelligent transport systems and autonomous drivingesyst channel condition which could have significant effects on
vehicular ad hoc networks (VANETS) are expected to attraéte performance of V2R communications. Another issue of
more interests in terms of research and development. THE eXisting clustering approaches is the cluster maintema
emergence of vehicular Internet-of-Things (10T) applimas, overhead which could degrade the network performance. In
such as vehicular data collection, police car camera vid8ds paper, we use a totally distributed clustering apdtoac
uploading, traffic information monitoring, driving habitan- that does not require explicit cluster join/leave messages
itoring and parking space management, motivates us to dgethe clustering algorithm, the abovementioned factoes ar
vehicle-to-roadside (V2R) communications to deliver daffintly considered using a fuzzy logic approach. We employ
from the data sources to the cloud. In this paper, we discusd &oalitional game theory-based approach to stimulate the
multi-hop data transmission protocol for V2R communicasio vehicles to join clusters to reduce the number of sender
with specific emphasis on the routing (network) layer anigedes in the network and thus improve the channel contention
upper layers. efficiency at the MAC layer. Game theory has been widely

There are two main challenges for route selection in mul@pplied in ad hoc network protocols especially for solving
hop V2R transmission scenarios. First, the routing prdtocgelfish behaviors in packet forwarding [20]—{26]. In costra
should consider the vehicle mobility, route length, andrint to these works, we employ game theory as a part of a routing
vehicle wireless link quality for the route selection, ag thmetric that could directly affect the route selection of the
performance of a communication route is affected by the&euting protocol.
multiple factors. Second, since vehicles could be deplaged Definition of routing metrics for a multi-hop network is a
a high-density manner for some hours or some road segmefifficult problem especially in a highly dynamic vehicular-e

vironment. To design an intelligent protocol in a complex an
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transport layer protocol that provides reliable end-td-data rate (modulation and coding scheme) for transmissionses th
delivery. In a multi-hop transmission in VANETS, the end-tointended receiver (the next forwarder) is unknown in adeanc
end packet loss probability increases linearly with thekpac ~ The concept of microtopology (MT) was proposed in [9].
hopping, which results in a low congestion window size a@the authors introduced a street-centric routing protobat t
the TCP sender (low throughput), and a large end-to-endnsists of two main functions, namely, inter-MT routing,
delay. In order to solve this problem, we propose a multnd intra-MT routing. Although they pointed out the im-
hop data delivery virtualization approach that uses hojirdyy portance of considering the mobility of vehicles and the
acknowledgement instead of end-to-end feedback. The maifect of channel contention, the relay node selection in
contributions of this paper are as follows. intra-MT communications was not adequately discussed. Liu

« We propose a coalitional game theory-based clusterifg al- [10] proposed an RSU-controlled data dissemination
and packet forwarding algorithm to reduce the numb@®rotocol over a hybrid vehicle-to-infrastructure and o
of sender nodes and improve the MAC layer contentidf-vehicle communication environment. Due to its cenzedi
efficiency for V2R communications. We jointly conside@Pproach where all transmission opportunities are assigye
vehicle mobility, channel condition, and vehicle distributhe RSU, [10] is likely to incur a high overhead in dense vehic
tion using a fuzzy logic-based approach for the clustéfar environments, which could degrade the performandesof t
head selection algorithm. A coalition game is used Pmmunication. In [11], Darwish et al. discussed the raytin
stimulate vehicles to join the clusters of vehicles. decision at the intersection, and proposed an approach that

. Based on the coalitional game theory-based clusterirg@nsiders the structure of roads, the position of neigiigori
we employ a reinforcement learning approach to evaludigdes, the link quality between neighbors, and the mobility
the performance of multi-hop routes. Game theory is fulfpr the next hop selection. Zhu et al. [12] discussed the
integrated into the reinforcement learning as a key factgfamatic degradation problem of wireless transmissiogean
for determining the reward of the learning. in multilevel scenarios, and proposed a greedy geographic

« We also integrate a multi-hop data delivery virtualizatiofPuting protocol that calculates the connectivity proligbi
approach with the reinforcement learning-based roudd intersections for determining the forwarding directidhe

selection to solve the performance degradation problgRPst important concern about greedy opportunity routing
of multi-hop TCP transmissions. protocols is the problem in finding a forwarder that could

This paper is an extension of our previous conference paﬂ?éPVide a high data rate as geographic routing pr_otos:odmh.ﬁt
[29]. This paper improves [29] by using a multi-hop datio choose the farthest node as the forwarder, which is tifpica

virtualization approach and presents new simulation tesnl Nefficientin terms of the modulation and coding.
a street scenario to show the_ performanc_e advantage of g].eCIustering or backbone-based approaches
proposed approach over existing studies in a more compre- _ _

hensive manner. The remainder of the paper is organized a4 r€cent survey on the clustering techniques can be found
follows: Section I gives a brief survey of related work. wdn [13]. Wang et al. [14] conducted a performance analysis
give a detailed description of the proposed protocol inigact ©f clustering in VANETs, and showed the effect of the
Ill. Simulation results are presented in section IV. Fipave ~cluster size, vehicle speed, and traffic demand on the system

draw our conclusions and future work in section V. throughput. Abuashour and Kadoch [15] proposed a cluster-
based routing protocol where the cluster areas are static,

and the cluster heads are dynamically selected. Since the
] region of each cluster is predetermined and fixed, the change
A. VANET routing protocols in the cluster heads is frequent when the vehicle mobility
Many studies have discussed the routing problem of vis- high, which incurs a high overhead. Hafeez et al. [16]
hicular networks [3]-[5]. Yao al. [6] proposed a predictiveproposed a fuzzy logic-based cluster head selection &hgori
routing protocol that estimates the future locations of vehat considers the relative velocity of vehicles and inveiicle
hicles based on past traces and a hidden Markov modgiktance. Once the cluster head is elected, [16] tries t@avo
Eiza et al. [7] proposed a QoS-aware routing protocol farew election process in order to reduce the cluster formatio
VANETSs. An ant colony optimization (ACO) technique wasverhead. However, since the inter-vehicle link qualityhat
used to choose communication routes under multiple Q@8nsidered, [16] could result in inefficient clustering.
constraints. However, the problem of selecting optimaati Togou et al. [17] proposed a CDS (connected dominating
factors associated with QoS constraints was not discussat) based backbone creation approach which selects baekbo
in [7], as it focuses on the security aspect of the routingehicles by considering vehicle speed and spatial digtabu
Different from [7], this paper uses a fuzzy logic approacto ensure stability as well as low dissemination delay. &inc
to jointly consider multiple metrics to achieve a practicdbackbones are generated one by one (early generated back-
solution for route evaluation under multiple constrai@isang bones specify the neighbor backbone nodes), the backbone
et al. [8] proposed an opportunistic routing protocol thdbrmation algorithm of CDS-SVB is not totally distributefls
aims to minimize the expected transmission costs of mult-result, the change in backbone vehicles occurs frequiently
hop paths (ETCoP) and achieve high forwarding reliabilgy ba highly dynamic vehicular network. In [18], the stable CDS-
considering the link correlation. However, the drawbackhef based routing protocol (SCRP) was proposed based on CDS-
opportunistic routing is the difficulty in selecting a hightd SVB. SCRP connects the backbone vehicles at intersections

Il. RELATED WORK
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with bridge vehicles that maintain the whole network infor- I1l. PROPOSED PROTOCOL
mation and calculate the delay for transmitting data packei Assumption

over road segments. Different weights are assigned to road . e . .
segments by taking into account the link life time, delayd an Each node knOWS_'tS posmon |_nformat|on an_d r.oad map in-
hop count. SCRP requires the global network topology for tﬁ%rmat_lon. The location information and velocity _mform_m
backbone creation, which is difficult to achieve in freqtlvsnto vehicles are exchanged _by hello messages W't.h an mt_er\_/al
changing networks. Moreover, the corresponding communiég 1 §ec0m_tl, gnd each vehicle thus knows Fhe neighbors in its
tion overhead was not adequately discussed. MoZo, a c|e(§?'”!ty- This interval can be tuned accordmg to t.he sy§t§m
tering approach based on the similarity of vehicle movemefgduirements. However, a 1-second hello interval is seffici
was proposed in [19]. MoZo constructs multiple moving zonés mpst ca_ses_because the possible moving dlgta_nce of @shicl
by grouping the vehicles that have similar movement pasterr’ this Pe“o‘?' is much smaller than the transmission range. A
Since explicit join request and response messages areedqu\f\’e mainly discuss a connected network, the routing solatlor_1
to maintain the moving zones, the zone maintenance overhé%rddelay tolerant networks [30] are beyond the scope of this

to manage up-to-date information of the zone members Rgper.
each zone captain side could be large in a highly dense or
mobile environment. Other well-known clustering apprazeh B. Problem definition and system overview

are discussed in [13]. The common problem of the existing pye to the random backoff procedure, the contention effi-
studies is the cluster maintenance overhead (clustelgaire ciency of the IEEE 802.11p MAC layer drastically decreases
messages). with the increase of the number of concurrent sender nodes.
C. Game theory based protocols Therefore, it is particularly important to reduce the numbe
. ) of sender nodes. This characteristic of wireless resouroe c

Game theory has been attracting great interest for modeliggition should be clearly addressed by the routing progocol
cooperative behaviors in wireless networks. An earlieveyr rq, the transport layer, TCP has the problem of performance
of game theory approaches for cooperative communicatioisyradation in a lossy multi-hop environment. The topology
was provided in [20]. Recently, Shivshankar and Jamalipoypy environment dynamics in VANETs make these problems
[21] proposed a public goods game (PGG)-based group intg{g e challenging.
action model for packet routing in VANETSs and investigated \yere, we first propose a clustering approach where different
the effects of networking properties on the evolution of cQsgnder nodes use the same forwarder node (cluster head node)
operation. One study [22] modeled the cooperative Servigg: ransmit the data (see Fig. 1). The clusters are formed
based message sharing issue as a coalition game formafjon,sing hello messages that are periodically generatatl, an
problem among nodes. Similar to most existing game theor(ymy exchanged among one-hop neighbors. A fuzzy logic
based approaches, [22] discussed the incentive of the pacie,roach is used to generate clusters in a distributed way.
relay problem, in which coalitions are formed among the 80de cjyster head selection algorithm considers the relativ
that belong to the same type in terms of service messaggsicie mobility and movement patterns, and therefore rssu
Chen et al. [23] studied how to stimulate message forwardiggst the generated cluster topology is stable even when the
accordi.ng to the selected route. Different from existingnga \onicle mobility is high. Second, we propose a coalitional
theoretical approaches that discuss how to let all nodéswol yame approach to stimulate the cooperation of sender nodes
the routing decision made by the routing protocol, this papg, yse the cluster head nodes for the packet forwarding. The
studies how to use game theory to select the best route fres8 gistributes payoffs to the vehicles, and cluster head
multiple candidates. Kumar et al. [24] analyzed the behaviq,gqes forward the payoffs to each cluster member. Payoff
of intermediate nodes using Bayesian coalition games (BCGjycation is integrated as an important part of a reinforeet
and learning automata. They showed that the probability pfy ning algorithm used to evaluate a route in terms of the
achieving Nash equilibrium points depends on the knowledggjihop performance. As a result, each vehicle is enforced
about the strategy space of the opponents. A coalition@gra, yse the cluster heads for multi-hop data transmissions,
game-based peer-to-peer approach for content distributio \yhich results in efficient wireless resource utilizatiorird,
cognitive radio VANETs was proposed by Wang et al. [25]ye yse a multi-hop data delivery virtualization scheme toeso

Game theory was used to coordinate the vehicle-to-vehigig, performance drop problem of TCP in a multi-hop lossy
links and V2R links by allowing each vehicle to decidgnyironment.

whether to connect to another vehicle. A beacon rate adapta-

tion algorithm based on a non-cooperative game was proposed ) ) _

in [26]. Most existing game theory-based approaches do rfot Pynamic clustering and cluster head selection

adequately address the characteristics of vehicular mkéywo We use an approach where cluster heads are selected using
specifically lossy channels, varying density, and mobility distributed algorithm. The cluster join/leave procedige
While these protocols mainly investigated the decisionin@k conducted with zero overhead, as we do not use any cluster
problem of whether a vehicle should forward a packet or nggin/leave messages for the maintenance of cluster member
this paper employs a game theoretical approach to evalumtermation. After cluster heads are determined, eachtetus
route candidates (game theory is used as a part of the routirgad announces the number of cluster members using the hello
metric). messages. We judge if a vehicle is suitable for working as a
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@—’@*@ @H @ are u?iformly distributed, there would be one cluster head f
(2@l (@2 @H (2) )i eachz R region.

- : P R2-mom -
(1) = (1)) = (om)— (sn) ="
D D
[T Cluster head N i
Fig. 1. Multi-hop data delivery (left: conventional, rigltiuster head-based Sl -

forwarding).
9 Fig. 3. An example of cluster formation.

cluster head by using a fuzzy logic-based approach. In tpe Fuzzy logic-based competency calculation
evaluation, we consider three different factors: 1) the imgv

speed of vehicles, 2) the density of vehicles that are moving! "€ competency value calculation consists of three steps.
toward the same direction as the current vehicle, and 3) tﬁgSt’ the velocity factor, leadership factor, and signahigy
average channel condition between the current vehicle angtor ar(f calculated for each orle-hop ne|ghb0_r W'th'n, the
its neighbors. The first two factors are used to ensure tHa{'9¢ of3R. Next, we use predefined membership functlons
the generated cluster heads are stable. The third factar idq convert the factors to f_uzzy values, and use predefme_xyfuz
give a higher priority to the vehicles that could provideteet "UleS to calculate the final fuzzy value for each neighbor.
wireless links to cluster members (for example, such as thially, the fuzzy value is converted to a numerical value
buses or trucks with higher antennae that can provide lon gpm.petency value) based on the fuzzy output membership
line-of-sight distances). Since the evaluation involvestiple unction [31]. L _
factors, it is difficult to use a simple mathematical apptoac 1) First ste_p — definition O_f three fac_tors'fhe velocity fac-
to conduct a fair calculation. Therefore, we use a fuzzydegit©r» 1€adership factor, and signal quality factor are daltad
based approach in the evaluation to jointly consider theseet ba§ed on the information in the hello messages received from
factors. neighbors.

The cluster heads are selected based on the informaltiorlymb'l'ty Factor ( MF): After reception of a hello message
shared with hello messages. Each node attaches the inforfi@M nodem, nodes calculatesM F(s,m) as
tion about its velocity and the number of neighbor vehicles _ Ju(m)| — mingen, [v(y)]
driving toward the same direction to the hello messages. MF(s,m) = @)

. maXyENs|U(y)|
Upon reception of a hello message, each node calculates a is th iahb fnode A | indi
competency value (fithess value for being a cluster head) fgpereNS Is the neighbor set of no ower MF indicates

itself and each one-hop neighbor. The node that has theslralrgaelowe?r velocllty]; The updatz (Z)WF 'j conduct_edhpedrlodlcally il
competency value in its vicinity declares itself as a clust@!t an interval of one second based on a weighted exponentia

head using hello messages. As shown in Fig. 2, by employilpVing average as
cluster head-based forwarding, multiple source nodes$2,  A/F(s,m) + (1—a)x MF;_i(s,m)+axMF;(s,m), (2)
S3 and S4) select the same nodes as the forwarder nodes,

which results in a more efficient MAC layer contention. ~ Where M F;_;(s,m) and MFj(s,m) denote the previous
value and current value @f/ F', respectivelyM F is initialized

to 1, anda is set to 0.7 based on our simulation results. The
value ofa controls how quickly the evaluation value can adapt
E‘ sz to the change of network topology. If the value is too small, i
is difficult to adapt quickly to network dynamics. In contras
if the value is too large, then the algorithm cannot refleet th
network tendency.

Leadership Factor (LF): LF(s,m) is calculated as

c(s)

maxyen,c(y)

1 D I
B

mig ' N
D Cluster head

Fig. 2. Forwarding packets with cluster head nodes, (52, S3 and.S4 are
the source nodedp1, D2, D3 and D4 are the corresponding destinations).

We generate the cluster heads by considering the connectiv- LF(s,m) = 3)

ity between cluster heads. Each node calculates a compgetenc . _

value for its neighbors that are within the rangeldt where ¢(s) shows the number of vehicles moving toward the same

R is the average transmission range in meters. A vehi@#ection as the node. A higher LF means that the node is

declares itself set as a cluster head if its competency vafii@re suitable for being a cluster head node. The initial alu

is the largest in the R region (note that these parameters ai@ L” is 0. For every hello message receptidi; is updated

set based on our experience, and the dynamic tuning of th&§é1d a weighted exponential moving average as
arameters is outside the scope of this paper). This mean

{Ohat there would be at least tW(? cluster hegdpve)hicles in eachiF(S’ m) « (=) xLE(s,;m)+axLEs,m). (4)

R distance, which ensures that the connection between twdSignal Quality Factor (SQF): For simplicity, we cal-

neighboring cluster head vehicles is reliable. If the vidsic culate the signal quality factoiSQQF") using the hello packet
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reception ratio. The signal quality factor differentiatiferent
vehicles by setting a higher evaluation value on a vehicié this GoodTHEN Rankis Perfect.

has better signal condition (for example a cluster headclehi

with higher antenna could provide longer line-of-sightalixe
to cluster members and therefore could result in a highdéo hetvaluation results. More specifically, we use the minimal

packet reception rate between the cluster head and membersiue of the antecedent as the final degree for each rule. For
The SQF is initialized to 0 and is updated as

SQF(s,m) + (1—a)SQF;_1(s,m)+axSQF;(s,m). (5)

IF Velocityis Slow, Leadershipis High, andsignal quality

It is possible that multiple rules apply at the same time.
In this case, we use the Min-Max method to calculate their

combining the degrees of multiple rules, we take the maximal
value of multiple rules as the final degree.
3) Last step — defuzzificationThe output membership

2) Second step — fuzzification and fuzzy rul&be fuzzy function is defined as shown in Fig. 5. The center of gravity
membership functions are defined as shown in Fig. 4. TH€OG) method is used for the defuzzification. As shown in
linguistic variables of the mobility factor are defined afig. 5, the value of ther coordinate corresponding to the
{Slow, Medium, Fast Similarly, the linguistic variables for centroid is the final defuzzified value which indicates the
the leadership factor and signal quality factor are defired @ompetency value of the node.

{Good, Fair, Podr and {Good, Medium, Bag, respectively.

Low Medium Fast

N
"
I\

Poor Fair  Good

N
"
I\

0.8 [~

06 \/

041

02
1

o

0 02040608 1

MF

0.8 [~

06 \/

041

02+
1
U

0 02040608 1
LF

Bad

o

02040608 1
SQF

Fig. 4. Fuzzy membership functions (left/ ', middle: L F, right: SQF).

TABLE |
RULE BASE

Mobility | Leadership| Signal quality | Rank
Rule 1 Slow Good Good Perfect
Rule 2 Slow Good Medium Good
Rule 3 Slow Good Bad Unpreferable
Rule 4 Slow Fair Good Good
Rule 5 Slow Fair Medium Acceptable
Rule 6 Slow Fair Bad Bad
Rule 7 Slow Poor Good Unpreferable
Rule 8 Slow Poor Medium Bad
Rule 9 Slow Poor Bad VeryBad
Rule 10 | Medium | Good Good Good
Rule 11 | Medium | Good Medium Acceptable
Rule 12 | Medium | Good Bad Bad
Rule 13 | Medium | Fair Good Acceptable
Rule 14 | Medium | Fair Medium Unpreferable
Rule 15 | Medium | Fair Bad Bad
Rule 16 | Medium | Poor Good Bad
Rule 17 | Medium | Poor Medium Bad
Rule 18 | Medium | Poor Bad VeryBad
Rule 19 | Fast Good Good Unpreferable
Rule 20 | Fast Good Medium Bad
Rule 21 | Fast Good Bad VeryBad
Rule 22 | Fast Fair Good Bad
Rule 23 | Fast Fair Medium Bad
Rule 24 | Fast Fair Bad VeryBad
Rule 25 | Fast Poor Good Bad
Rule 26 | Fast Poor Medium VeryBad
Rule 27 | Fast Poor Bad VeryBad

1 VeryBad Bad  Unpreferable  Acceptable Good Perfect
A K A

\ ) \‘\ / \ /
0.8 C

0.6
0.4

0.2

0 0.2 0.4

Fig. 5. Output membership function.

E. Coalitional game approach for stimulating clusteringdan
better route selection

1) Game theoretical modelThe objective of this model is
to stimulate the vehicles to use cluster head nodes for multi
hop data transmissions, resulting in better route seleciibe
payoff will be initialized by the RSU and will be further
disseminated by cluster head nodes in order to dissemimate t
payoffs to a multi-hop distance. Each payoff allocator (R8U
cluster head) assigns payoffs equally to the one-hop neighb
The set of players are the one-hop neighbors, which are
denoted byN = {1,..., N}. The coalitional game is defined
as (M, v), wherewv is the coalition value, which indicates
the worth of a coalition. Any coalitionrS C A represents
an agreement between vehicles on the use of cluster-based
forwarding. All nodes can be benefited from using clustedhea
based forwarding which could reduce the number of sender
nodes in the network and consequently improve the throughpu
of all nodes. Therefore, it is plausible to defindased on the
average collision probability for the MAC layer backoffr{se
cooperation can result in lower collision probability, the
would be incentives for nodes to form a coalition). Accordin
to the IEEE 802.11p standard, the collision probabilityrnof

Each node calculates the rank (a competency value for belefes contending the same wireless medium can be calculated
a cluster head) of each neighbor based on the IF/THEN ruR$

as defined in Table I. The linguistic variables for the rank
are defined agPerfect, Good, Acceptable, Unpreferable, Bad,

VeryBad}. In Table I, Rule 1 is expressed as follows:

if CW+1<n

, otherwise

17
P(n) = {1 I (P ©)

(CW+1)"
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where CW is the current contention window size. We defirend broadcasted by all nodes. The initial value for egeh
v(S) = (1- w - N where|S| represents the cardi-value is 0. After reception of a hello message from nede
nality of setS. For simplicity, we set the value of payoff tonodel updates the correspondiidgrvalue to the RSU as

playeri € S as QI(RSU,m) <+ «ax P, xSQF(l,m)

o {%, cooperate @ X {R 4+ % maxyeNBQO(ny)}
0, acting alone + (1 —a) x Q;(RSU,m). (8)
Theorem 1:The proposed game is a game with transferablghere SQF(1,m) is the link status value between node
utility (TU). andm, as calculated by Eq. (5)VB,, denotes the one-hop

Proof: In the proposed game, the value of coalitiomeighbor set of node m. The payd#, is calculated as
S depends solely on the number of vehicles forming the PN Ban ) _ _
coalition. The value is independent of how the playera/ins po_ {(1 - fn) , if m is a cluster head )
are structured. Therefore, the game is a TU game. H B 0, otherwise.

Theorem 2:The game is superadditive.

Proof: The formation of a larger coalition means
reduction in the number of sender nodes, resulting in abe
channel contention. Therefore, the cooperation is beaéfii
all the involved players. That is, no one can do better byngcti . {

The learning rated) is 0.7, and the discount factox)(is
[:beg' ‘maxyen,, Qm(RSU,y)" is the maximal@-value of m
to nodeRSU. The rewardR is calculated as

1, if | € NBrsu

. (10)
0, otherwise

noncooperatively. Therefore, the game is superadditivel
Theorem 3:The core of the game is not empty, and the )

payoff vector defined by Eq. (7) is an imputation. whereNBRSU denotes the one-hop ne|ghbor se'F of the RSU

Proof: For the proposed game, given the grand coalitigixecluding cluster head_ nodes. If noabe_|s a neighbor of
N, the payoff vectorx € RN (N = |N]) defined by (7) is the RSU, the reward is 1 and otherwise 0. Edaghvalue
group rational since it satisfi€s), . z; = v(\). The payoff is an evaluation value for each pair of state and action.
1€ ? . .

vectorx is also individually rational because every player caHPON reception of a hello message, each agent updates the

receive a payoff no less than acting noncooperative 3 ~ corresponding)-value as shown in Eg. (8).

v(i), Vi]. Therefore, the payoff vector defined by Eq. (7) is an The reward is discounted by three elements that are the

imputation, and the core of the game is not empty. number of hops fr(_)m the RSU, the payoff calc_ulated by the
2) Distributed implementation of payoff allocatiofEach 92me theory algorithm,, in Eq. (8)], and the link quality

cluster head (or RSU) allocates payoffs equally to the ap-h[S@£"(1,m) in Eq. (8)]. The consideration of hop count
neighbors. This means that when a vehicle is a neighbor of fiaSures that the routing protocol intends to choose a shorte
RSU, the vehicle will receive a payoff directly from the rgyroute. First, the algorithm discounts the rewgrd with the ho
Otherwise, the vehicle has to select a cluster head locaf¥Nt: Therefore, a smaller hop count results in a largeargéw
closer to the RSU compared with itself. Since only the cust@nd larger)-value. Second, the reward is also discounted with
head or RSU distributes the payoff, each vehicle would Iik§€ Payoff calculated by the game theory algorith, [in

to cooperate (using the cluster head for data forwardings T Ed- (8)]- This ensures that our protocol can stimulate eacten

also results in a grand coalition because there is no way tigtUse @ cluster head node to forward data packets because

cluster members could form a different coalition that woul@N!y that can achieve a nonzero payoff. Third, the reward is
give them larger payoffs. also discounted with the packet loss probability of each lin

[SQF(l,m) in Eqg. (8)], which constitutes the communication

route.
F. Multi-hop route selection based on reinforcement leagni
and game theory-based metric First update: QRSU, x) First update: Q(RSU, RSU)
1) Q-learning model:We use a Q-learning algorithm to ;8'121(0+0'9X0'7)+0'3X0 ;g';X(l+0)+O'3XO
evaluate a multi-hop route. The following Q-learning modelsecodupdate: ORST 2 Second update: O(RSU, RSUJ
is defined. The environment is the entire network. The nekwor| = 0. 7x(0 +0.9x0.91) + 0.3x 0441 =0.7 % (1+0)+0.3x0.7
nodes are the learning agents, which learn the environnyent b=0.7059 =091

exchanging hello messages with each other. The action ht ea

node is to select the next hop node for the data transmissi& e & el é
Therefore, the set of one-hop neighbors is the possiblerecti X RSU
allowed at each node. Each node maintain@-aable where

each@-value [Q(RSU, m)] shows the value for choosing  Fig. 6. An example of Q-table update.

as the next hop to the RSU.

2) Update of@-values: Each node has to maintain @- Fig. 6 shows an example of Q-table updat€)F (I, m) and
value for each pair of the destination node (RSU) and a onk;, are set to 1 in this example for simplicity). EaGhvalue
hop neighbor. Upon reception of each hello message(}he is a representation of the propriety of selecting a node @s th
Table is updated)-values are attached to the hello messageext packet forwarder node in terms of multi-hop perforneanc
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Since the routing agent selects the node that shows thestardd) [37]. The transmission range was approximately 250 m,
@-value as the next forwarder node, the protocol is able &nd the packet reception probability for various distaneas
choose the route expected to achieve the best performancasnshown in Fig. 8. Other simulation parameters were the
terms of multi-hop transmissions. default setting of ns-2.34 [33]. The proposed protocol was
compared with “AODV-ETX” [38] (no-cooperative approach)
and “CDS-SVB” [17]. “Proposed” and “Proposed-V” show the
proposed protocol without and with multi-hop data delivery
virtualization respectively. Each simulation was conedct
50 times for different topologies, and the error bars of the

G. Multi-hop data delivery virtualization

Virtual multi-hop data delive

F—T1cp a— f-1cp (¥ 1) S 0 ) )
/Dm{l)‘ /Dmrz)‘ /N/Dala(N)‘ following figures show the 95% confidence intervals.
& & Q ...... QJ A TABLE ||
L I SN SIMULATION ENVIRONMENT
Mackay 2 ACKR)? NI okeyy
—TCP (2)—]| —TCP (N—] Topology 2000m, 6 lanes Street Scenario
Number of nodes | 400 1700 mx 1700 m
= Data — AKX Maximum velocity | 100 km/h 60 km/h
Mobility generator | Ref. [34] SUMO + TraNS
Fig. 7. Multi-hop data delivery virtualization (the numbeafter “Data” and :\:A'A(‘jc Jel IEEE 80§.llil.p MACMWI(;h|27 Mbps
“ACK” show the sending order of data and acknowledgment eetyely). S(ji Inlgt'mo t'e a af;gg ode
imulation time s
Most vehicular 10T applications require a reliable end-to-
end data delivery. TCP is a widely used end-to-end acknowl- TABLE Il

edgment based data delivery approach. In TCP, the sender nod PARAMETERS OFNAKAGAMI MODEL: FREEWAY (STREET)
adapts the sending rate, namely, congestion window size, by

using a congestion avoidance algorithm according to the ac-g9amma0 | gammal | gamma2 | d0_gamma | d1gamma
knowledgment packets successfully received. The throuighp 1.9(20) | 38(20) | 3820 | 200(200) | 500 (500)
ofa TCP connection _is affected significantly by the end+td-e Tg-(l) 2% @) g? % @) gg-gz)) 2(1)6"2500)
packet loss probability. As a result, TCP has a performance
degradation problem in a lossy multi-hop networks where
a high end-to-end packet loss ratio restricts the incredse g
the congestion window size at the sender node. To soh
this problem, we use a multi-hop data delivery virtualiaati g
approach [32] to conduct multi-hop data transmissionsutino
multiple one-hop TCP sessions. The virtualization appnoacg
works on the top of transport layer. As shown in Fig. 7, at
multi-hop data transmission from vehicle 1 to the road sidg o2r
unit N is conducted by multiple one-hop data transmission§ | ‘ 0

where each hop is managed by a TCP session, which ensures * ™ piciicem 0 Distnce(m)
the reliability and fairness while facilitating an efficiense ] B ] ) _

of wireless resources. Each forwarder node is responsiole E(':ge'n;ioy E;ﬁt'festtr;eecteség):ar?é?bab'"ty for various distandlest: freeway
transmitting data segments to the next hop that is closdreto t

destination. Since each one-hop communication is conducte

based on TCP, the congestion window size at each TCP sender

node is not affected by the number of hops between the soupceEffect of coalition

node and the destination node.

08

tion
o
>

06

04

02

Packet Reception Probabilit

To show the performance of the game theory-based forward-

ing algorithm, we first used a static environment with contsta
IV. SIMULATION RESULTS bit rate (CBR) traffic to evaluate the protocols. There were

To clearly explain the performance of the proposed protocdl00 nodes in this simulation, and the route length between
we conducted extensive simulations using ns-2.34 [33] the source node and the destination node was 2.
two types of roads, namely, a freeway scenario and a streeFig. 9 shows the packet delivery ratio for various numbers of
scenario (see Table Il). The freeway had three lanes in edCBR flows. The performance of “Non-cooperative” approach
direction [34]. The width of each lane was set to 4m. The stre@AODV-ETX”") drops significantly when the number of traffic
scenario was generated by SUMO [35] and TraNS [36]. Thikews increases to 8. The reason can be explained by Fig. 10
street configuration consisted of five horizontal streetsfare  and Fig. 11.
vertical streets and every street had one lane in eachidinect Fig. 10 shows the number of collided MAC frames (in-
The distance between any two neighboring intersections waading hello messages) per transmission range per seoond f
400 m. We introduced the Nakagami propagation model t@arious numbers of CBR flows. Without cooperation, différen
simulate a realistic fading vehicular environment (seel@aktraffic flows are likely to use different nodes to forward data
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1 L L » » * 35 T T T T T T T
r\xr Non-cooperative—+—
| Proposed---#—-
o o8 -
=
©
o
>
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< &8
o ©
@ 04 - (&)
X
[S)
©
o
02 -
Non-cooperative—+—
Proposed-—-#—1
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Number of CBR flows Number of CBR flows
Fig. 9. Packet delivery ratio for various numbers of CBR flows Fig. 11. End-to-end delay for various numbers of CBR flows.
%) 1200 T T T T T T T 3000 T T T T T T T
o) Non-cooperative—+— CDS-SVB ---&
Proposed---#—- I AODV-ETX H—+—
IS Proposed---#—-1
© 1000 25001 Proposed-V- @
=
~—~~
%)
800 2000 -
g ER
= 600 'ccn 15004
3 S
B 40 g 1000
o =
o
E 200 500
S
zZ
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Number of CBR flows Number of TCP flows

Fig. 10. Number of collided MAC frames (including hello magss) per Fig. 12. TCP throughput for various numbers of TCP flows (fr@g.
second per transmission range for various numbers of CBRsflow

3000 T T T T T

T T
CDS-SVB ---&
AODV-ETX H—+—

packets and thus increase the probability of collisions/ben sool- Prg’ggggg?g; o
MAC frames. The collisions result in a waste of wireless. SRR

resources due to the exponential backoff procedure at t&
MAC layer, which finally leads to the drop of packet dehver;@,
ratio. The proposed protocol can keep a very low number 63‘
packet collisions even when the number of traffic flows % 1500
large by stimulating cooperation among multiple sendelesod 3

The utilization of the same cluster head node can achievesa 1000

significantly lower end-to-end delay as shown in Fig. 11.

20004

500

B. Performance for various numbers of TCP flows

We also evaluated the performance of the proposed protocol
for various numbers of TCP flows. The TCP segment size was
1000 bytes. Fig. 12 and Fig. 13 show the TCP throughput fﬁi@. 13. TCP throughput for various numbers of TCP flows éjre
various numbers of TCP flows in the freeway scenario and
the street scenario, respectively. The number of hops fram t
source node to the destination node was 2. scenario, the number of TCP flows has less impact on the

The proposed protocol can achieve a notable improvemdmtoughput because the simulation area is larger, whiakitees
of TCP throughput over “AODV-ETX” and “CDS-SVB” in in a lower contention probability between different flows.
both the freeway scenario and the street scenario. In thetstiSince “CDS-SVB” does not consider link quality in the back-

5 6 7
Number of TCP flows
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bone selection, the generated end-to-end route is ureatisj C. Performance for various numbers of hops

in terms of end-to-end packet delivery ratio. In “CDS-SVB”,

We conducted simulations for various numbers of hops.

the backbone selection is conducted by one by one, where el e were five TCP flows from random source nodes to
backbone node selects the next backbone node. This iNCUIS @yom destination nodes. Fig. 16 and Fig. 17 show the

higher overhead when the network topology changes, whiglbp throughput for various numbers of hops in the freeway
explains the high number of MAC collisions in Fig. 14.

600

500

400

200

100

Number of collided MAC frames

Fig. 14.

Since the proposed protocol considers vehicle mobility and 8% - - -
signal qualities between vehicles in the cluster head selec 500} i
tion, a highly reliable end-to-end route can be established -
The cluster head-based forwarding approach ensures mm@ »
proposed protocol can efficiently use the wireless ressurcg izo%-. T .
by reducing the number of concurrent sender nodes in ti§ o
network. The performance advantage of “Proposed-V” oved
“Proposed” explains the importance of the multi-hop datév EN) e 8
delivery virtualization approach. These three elememsciéi- B T
cally the reliable end-to-end route selection, clustedHeased
forwarding, and multi-hop data delivery virtualizationjrjtly
contributed to the lowest end-to-end delay shown in Fig. 15.  ,50l. AcDV:ETX

14

12

0.8

0.6

Delay (s)

0.4

0.2

Fig. 15.

300

T T
CDS-SVB -0~
AODV-ETX +——+—i
Proposed--#—-1
Proposed-V:- ®--:

¥ . T . R i I
1 1 1 1 1 1 1
2 3 4 5 6 7 8 9
Number of TCP flows

Number of collided MAC frames (including hello magss) per
second per transmission range for various numbers of TCR flobweway).

10

T T
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. m

i

Reg

4

3 4

5 6 7 8
Number of TCP flows

10

End-to-end delay for various numbers of TCP flowseffray).

scenario and the street scenario respectively.
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)

g. 16. TCP throughput for various numbers of hops (fregway
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|
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-
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=
e
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400
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1 1
2 3 4 5 6
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Fig. 17. TCP throughput for various humbers of hops (street)

We can observe that the cluster head-based forwarding and
the multi-hop data delivery virtualization scheme beconaeen
effective in terms of throughput and delay when the number of
hops increases. This is because TCP is an acknowledgment-
based packet delivery approach that is sensitive to the end-
to-end packet loss ratio. In the street scenario, all paisoc
are more sensitive to the number of hops. This is due to
a higher probability of route breaks due to the changes of
moving directions at intersections. Since the proposetbpod
can improve the end-to-end packet delivery probability by
selecting a better route and reducing the MAC collisiororati
each hop, a higher end-to-end performance becomes possible
(see Fig. 18 and Fig. 19). When the average number of
hops of TCP flows increases, the number of concurrent TCP
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algorithms such as reinforcement learning. Since it ptssib
achieve better quality-of-service with data-driven optiation,

we will also discuss how to improve the performance of V2I
communications based on the data collected from vehiclés an
road side units.
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traffic flows could increase and the advantage of the proposed
protocol over other protocols thus becomes more signifjcaH‘P]
as was previously discussed (see Fig. 12).

V. CONCLUSIONS AND FUTURE WORK (11]

We proposed a V2R cluster-based routing protocol where a
coalitional game theory-based routing metric is used tousti [12]
late the vehicles to use cluster heads for the data tranemjss
and a Q-learning approach is used to evaluate a route in terms
of multi-hop efficiency. The cluster heads are selectedguain (23]
fuzzy logic-based algorithm by considering vehicle movame
vehicle distribution, and channel qualities between Jekic [14]
A multi-hop data delivery virtualization scheme is inteigch
with the routing protocol to ensure a high throughput and low
delay in multi-hop lossy vehicular environments. We showétb]
and analyzed the performance advantage of the proposed
protocol over possible alternatives by conducting exttmsi[le]
computer simulations.

Currently, the fuzzy membership functions are designed
based on our experience. In future work, we will considélrﬂ
adaptive tuning of the fuzzy parameters using online |eayni

16H02817, and 16K00121.
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