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Abstract—This study investigates the synergy between
centralized and decentralized (i.e., ad hoc) data scheduling in
vehicular ad hoc networks (VANETS) for offloading and balanc-
ing the workloads of roadside units (RSU) in bidirectional road
scenarios. In the centralized scheduling, an RSU schedules data
dissemination using a hybrid of infrastructure-to-vehicle (I2V)
and vehicle-to-vehicle (V2V) communications. Specifically, RSUs
cooperate with each other by transferring unserved requests,
and each RSU schedules the data services based on its locally
received requests and the transferred requests. In the decen-
tralized scheduling, vehicles driving in opposite directions share
the cached data items via V2V communication when out of
the coverage of RSU. The ad hoc scheduling can be benefited
from the cooperation among RSUs since the chance for V2V
data sharing could be enhanced when considering transferred
requests into scheduling at each RSU. We formulate a hybrid of
centralized and ad hoc data scheduling (HCA) problem, aiming
at best exploiting the synergistic effects of 12V and V2V com-
munication based on centralized data broadcast and ad hoc data
sharing. On this basis, we propose an RSU Cooperation-based
Adaptive Scheduling (RCAS) algorithm that consists of three
mechanisms, including a centralized scheduling mechanism at
each RSU, an ad hoc scheduling mechanism for vehicles, and a
cluster management mechanism. Finally, we build the simulation
model and give a comprehensive performance evaluation, which
demonstrates the superiority of the proposed solution under a
variety of circumstances.

Index  Terms—RSU  cooperation, cooperative  data
dissemination, adaptive scheduling, cluster-based data sharing.

I. INTRODUCTION
ECENT advances in wireless communication tech-
nologies have paved the way for developing vehic-
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ular ad hoc networks (VANETSs) and enabling emerging
intelligent transportation systems. As a de facto communica-
tion protocol for VANETS, dedicated short range communi-
cation (DSRC) supports both infrastructure-to-vehicle (I12V)
and vehicle-to-vehicle (V2V) communications. Specifically,
vehicles equipped with on-board units (OBU) can communi-
cate with roadside units (RSU) via 12V communication and
can share information with neighboring vehicles via V2V
communication.

Efficient data dissemination is critical for various VANET
data services, e.g., to improve vehicle safety, transportation
efficiency, and passenger comfort [1]-[3]. Although significant
effort has been devoted to information services in vehicular
networks, many existing studies have focused on improving
the quality and reliability of 12V and V2V communication
at the medium access control (MAC) and network layers
[4]-[7]. In addition, a number of studies have been focused
on developing vehicular network routing protocols [8]-[11].
Recently, many broadcasting protocols have been proposed
for vehicular networks [12]-[14], primarily to enhance 12V
bandwidth efficiency within the coverage range of an RSU.
Some of the studies have investigated the cooperation of
hybrid 12V/V2V communication [15]-[18]. To the best of
our knowledge, none of previous studies have considered
synergistic data services within and beyond the RSU coverage
area to offload and balance RSU workloads in bidirectional
road scenarios.

This work considers synergistic data service wherein vehi-
cles may retrieve required data items via either 12V or V2V
communication from RSUs or peer vehicles, respectively.
Such a service paradigm has great potential to improve
overall service performance because a) the service workload
among different RSUs may be highly uneven, and hence it
is important to balance the workload among RSUs via the
transferring unserved requests to peer RSUs. b) Due to the
high vehicle mobility, limited 12V bandwidth, as well as
high demand on data services, it is likely that RSUs cannot
complete the service within their coverage. Therefore, it is
critical to exploit the V2V based data sharing outside of
RSU’s coverage. c) Since the performance of V2V based data
sharing is highly related to the cached contents in vehicles,
which are retrieved from RSUs. Clearly, it is important to
best explore the synergetic effects between the RSU based
and the ad hoc based scheduling. Considering the budget
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and policy for RSU deployment, it is commonly believed
that RSUs would not be deployed densely along the road
[19]-[21]. In addition, with the ever-increasing data demands
by vehicles and the limited 12V communication bandwidth,
it is not sufficient to provide services solely based on RSUs.
Therefore, it is important to have an efficient ad hoc mode
to better exploit V2V communication bandwidth and enhance
system scalability.

Nevertheless, it is non-trivial to achieve the above visions.
First, the network topology is highly dynamic due to the high
mobility of vehicles. This makes it challenging to design an
efficient clustering mechanism. Second, considering that two
vehicles driving in opposite directions may have high relative
speed, designing an efficient V2V communication protocol
is challenging due to the very short time window available
for data sharing. Third, considering the communication con-
straints, such as bandwidth, the half-duplex transmission of
OBUs, and concurrent transmission interference, it is difficult
to make best utilization of the wireless bandwidth. Fourth,
since the number of data items that can be retrieved by a
vehicle is limited within the coverage of an RSU due to
the high mobility of vehicles and the limited I2V bandwidth,
it is non-trivial to serve both local requests as well as trans-
ferred requests efficiently. Fifth, the high and uneven service
workload due to the nature of traffic features make it more
challenging to design efficient scheduling algorithms.

To address the above issues, this study proposes a central-
ized scheduling algorithm within the RSU coverage area and
an ad hoc data dissemination strategy outside the coverage
area. Note that the designed solution focuses on the potential
of V2V communication for data sharing among vehicles
driving in opposite directions. To exploit the synergistic effect
between the centralized and ad hoc data scheduling mecha-
nisms, RSUs are cooperated by sharing the unserved requests
information of requester vehicles. Based on the transferred
information, each RSU can schedule data services for the
vehicles within its coverage to cache the data items corre-
sponding to the transferred requests of other vehicles which
are approaching to it. In this manner, it has the potential to
enhance V2V data sharing opportunity out of RSU’s coverage.
To enable the ad hoc data service, RSUs instruct vehicles to
form clusters based on real-time traffic conditions. Initially,
an RSU will assign a cluster head (CH) that manages the
cluster by designating the next CH. After leaving the RSU
coverage area, the CH designates a sender vehicle in the cluster
to improve the spatial reusability of V2V communication
bandwidth. The main contributions of this work are as follows.

o« We present a service architecture in bidirectional road

scenarios via cooperative 12V/V2V communications,
which coordinates both the centralized scheduling within
RSUs’ coverage and the ad hoc data scheduling out of
the coverage. Specifically, such an architecture enables
the cooperative service among RSUs, which not only
enhances ad hoc data sharing opportunities among vehi-
cles driving in opposite directions, but also realizes the
workload balancing among RSUs.

o« We formulate a hybrid of centralized and ad hoc data

scheduling (HCA) problem, aiming at best exploiting the

synergistic effects of I2V and V2V communication based
on centralized data broadcast and ad hoc data sharing.
In particular, it takes into consideration of the following
factors to maximize overall service performance: a) the
service efficiency of 12V based communication within
RSUs’ coverage; b) the cooperative caching efficiency via
the sharing of service information among RSUs; c) the
ad hoc based data sharing efficiency via V2V based
communication outside RSUs’ coverage.

o We propose an RSU Cooperation-based Adaptive
Scheduling (RCAS) algorithm that consists of three
mechanisms. First, for the centralized scheduling,
we transform the scheduling problem to the maximum
weighted independent set (MWIS) problem and apply
a greedy method to solve the problem approximately.
Second, for the ad hoc data scheduling, we propose a
policy to schedule the sender vehicles and the correspond-
ing data items to be shared via V2V communication.
Third, to support the ad hoc data scheduling, we propose
a cluster management mechanism that implements cluster
generation, CH designation, cluster joining, and leaving
for vehicles.

The remainder of this paper is organized as follows.
Section II reviews related work. The proposed system is
described in Section III. The HCA problem is formulated in
Section IV, and the RCAS algorithm is proposed in Section V.
In Section VI, we build the simulation model and give perfor-
mance evaluation. Finally, we conclude the paper and discuss
future work in Section VII.

II. RELATED WORK

Previous studies on data dissemination in VANETSs have
primarily focused on improving network throughput and
enhancing packet transmission reliability, which are the prob-
lems resided in the MAC and network layers. Bharati and
Zhuang [4] proposed a cooperative ad hoc MAC (CAH-MAC)
scheme for VANETS, in which a neighboring node relays
a packet to the destination node during an unserved time
slot when detecting transmission failure between the sender
and destination nodes. D.N.M. Dang er al. [5] proposed a
multi-channel MAC for VANETSs called HER-MAC, which
supports time-division multiple access (TDMA) and CSMA
multiple access schemes, and improves both safety message
transmission opportunity and non-safety message transmission
throughput. Prediction-based TDMA MAC (PTMAC) [6] was
proposed to decrease the probability of packet collisions. Time
slots are scheduled to eliminate potential collisions, which can
be predicted based on real-time traffic conditions and vehicle
information.

In addition, many studies have investigated multi-hop rout-
ing via V2V communications in VANETs. Wu et al. [8]
proposed a broadcast protocol for a low message overhead and
a high packet dissemination ratio. Fuzzy logic is used to select
the next hop relay nodes based on inter-vehicle distance, vehi-
cle speed, and link quality. Network coding is used to improve
the packet dissemination ratio. To improve the packet delivery
ratio and maintain low end-to-end delays, Rehman et al. [9]
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Fig. 1.

proposed a relay node selection scheme, which is based on the
link qualities of single-hop neighboring nodes, for multi-hop
broadcasting over a platoon of vehicles. The scheme adaptively
balances the estimated link qualities and the distance between
the source broadcaster and potential forwarders when designat-
ing a relay node. Bi et al. [10] proposed a multi-hop broadcast
protocol to disseminate emergency messages. According to
the position of the emergency message sender in an urban
area, a broadcast strategy is selected among bidirectional,
multi-directional, and directional broadcasts. Hao et al. [11]
proposed a protocol for cooperative data downloading without
collisions and hidden terminal issues. For multi-hop data
services, an RSU selects a vehicle to download a data item,
which then acts as the data source and selects relay vehicles
for multi-hop V2V based data dissemination.

For data scheduling at the application layer,
Wang et al [22] proposed a dynamic clustering and
cooperative scheduling algorithm for data services out of
the coverage of RSUs. To alleviate data collisions, clusters
are activated based on time division policy. Meneguette and
Boukerche [23] proposed a protocol to facilitate resource
sharing in a mobile cloud based on V2V communication.
Vehicles collaborate to share and search for feasible
resources in the vehicular cloud by forwarding the message
to neighboring vehicles until the message reaches the
receiver vehicle. Zeng et al. [24] proposed a recursive least
squares algorithm to realize large-scale channel prediction
with low computational complexity, which is exploited for
the centralized scheduling. K. Liu er al. [15] proposed
an algorithm called SFR to effectively exploit the joint
effects of 12V and V2V communication, which considers
service scalability, fairness, and robustness in scheduling.
Ko et al. [16] proposed maximum service (MS) scheduling
algorithm to improve channel efficiency and the data service
rate. Dai et al. [25] proposed a heuristic algorithm to schedule
temporal data services in software-defined netwrok (SDN)-
based heterogeneous vehicular networks. The algorithm
adaptively schedules broadcast tasks of requests using
the heterogeneous interfaces, to maximize the service ratio.

Transmission channel is f8;
Reception channel is a;
Cluster ID is 6.

(b) In the coverage of R

Data dissemination in bidirectional scenarios via hybrid of 12V and V2V communications and multi-RSU cooperation.

Liu et al. [26] proposed a network-coding-assisted scheduling
algorithm using the hybrid of 12V and V2V communications,
which exploits both network coding and vehicular caching to
increase the opportunity of data sharing among vehicles.

Unlike these previous studies, this work makes the first
attempt on exploiting the synergistic effect on both centralized
and ad hoc scheduling within and outside RSUs’ coverage,
respectively, by considering cooperation among RSUs, as well
as cooperative caching among vehicles driving in opposite
directions.

III. SYSTEM ARCHITECTURE

In this section, we present the system architecture for data
dissemination in a bidirectional road scenario via a hybrid
of 12V and V2V communications. Specifically, to provide
data services cooperatively, multiple RSUs are connected in
the wired backbone network. Each vehicle is equipped with
an OBU that supports both 12V and V2V communications.
Data services are provided via centralized scheduling within
an RSU coverage area and decentralized scheduling outside
of the coverage area. To balance the workloads, some RSUs
may transfer their unserved requests to neighboring RSUs
by collecting both service information and driving status of
vehicles within their coverage. With such a mechanism, RSUs
can be cooperated to schedule data services so as to maximize
overall system performance. According to the scheduling
result, some vehicles are instructed to receive a data item via
12V communication and other vehicles may be instructed to
tune to the V2V channel for data transmission or reception.
Besides, to alleviate RSUs’ workloads, when vehicles are out
of RSU coverage, data services are provided in a decentralized
manner via V2V communication. Note that vehicles can only
retrieve their requested data items.

The system architecture is shown in Fig. 1 (a). Vehicles
submit requests to an RSU via I2V communication. Besides,
an RSU may receive information including unserved request
ID, requester vehicle ID, and the vehicle’s latest status, from
neighboring RSUs. Thus, each RSU maintains two queues
for outstanding requests, i.e., a pending request queue for
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requests submitted in its own coverage area and a transferred
request queue for requests transferred from peer RSUs. The
RSU makes scheduling decisions based on the two request
queues, including designating each vehicle’s communication
mode (i.e., I2V or V2V), service role (i.e., sender or receiver),
and the corresponding data item to be shared. To enable coop-
erative 2V and V2V communications, the system employs two
SCHs and one CCH. The SCHs are used for 12V and V2V
communication, and the CCH is exploited to transmit basic
safety messages (BSMs) and auxiliary information for service
scheduling.

A scheduling period is described as follows. First, each
vehicle identifies its neighboring vehicles based on BSMs,
which are broadcast periodically over the CCH. Second, each
vehicle notifies the RSU of the ID information for cached
and newly requested data items, as well as neighboring
vehicles via probe vehicle data (PVD) messages, which are
transmitted over the CCH via I2V communication. Third,
the RSU makes scheduling decisions, which are appended in
a WAVE service advertisement (WSA) message and broadcast
to vehicles through the CCH via 12V communication. Fourth,
each vehicle tunes to the corresponding SCH according to the
scheduling result (i.e., the vehicle’s communication mode),
and then transmits or receives data items via 12V or V2V
communication. Note that only one-hop V2V communication
is considered in such a scheme.

We give an example to better illustrate the system character-
istics and scheduling challenges. In Fig. 1 (a), the directional
arrows indicate the data transmission using 12V or V2V com-
munication. In Fig. 1 (b), the gray-shaded blocks represent the
vehicles’ cached data items. The non-shaded blocks represent
the vehicles’ pending requests. The dotted circles indicate the
coverage of RSU. The dashed bidirectional arrows indicate
that two vehicles can communicate via V2V communication.
Assume that Vy-Vi4 have not retrieved all requested data in
the coverage of RSU R;. Based on the received BSM and
PVD messages, R, transmits the unserved requests to Rj.
Then, to increase V2V data sharing opportunity outside RSU’s
coverage, V1-V3 need to cache the data items corresponding to
transferred requests from R,. Assume that the vehicles within
the coverage of R cannot retrieve their requested data items
due to the mobility and limited 12V bandwidth, it is hard to
schedule data services to satisfy both the requests from the
vehicles and the transferred requests from R;, simultaneously.
In order to serve the outstanding requests and increase the V2V
data sharing opportunity, simultaneously, one possible schedul-
ing is illustrated as follows: R designates the communication
mode of V> and V4 to 12V and broadcasts the data item ‘a’.
Concurrently, Ry schedules Vg to transmit the data item ‘d’
to V3. Through the received data items, V> and V3 not only
receive data services and but also increase the opportunity of
V2V data sharing out of R;’s coverage. Clearly, it is non-trivial
to search optimal solutions in real service scenarios with a
large number of vehicles and requests.

For data service out of the RSU coverage, the system
focuses on data sharing via V2V communication to serve
vehicles driving in opposite directions. More efficient service
could be achieved if the neighboring RSU could schedule

TABLE I
NOTATIONS
Notations Description
R; RSU i
s(+) Vehicle speed
rvv V2V communication range
dis(-, -) Distance between two vehicles
dir(-) Driving direction of a vehicle
V (t) Set of vehicles at time ¢
C(t) Set of clusters at time ¢
Vi @) Set of vehicles not in any cluster
VR, (1) Set of vehicles within the coverage of R;
Ny, (7) Set of V;’s neighboring vehicles at time ¢
s Set of neighboring vehicles moving in the same direction
Ny (1) v,
J as j
NO Set of neighboring vehicles moving in the opposite
v, @) directi )
j irection as VJ
N",'I_ (1) Set of vehicles that are in N“gj (7) but not in any cluster

D Database

DVj (1) Set of cached data items of V;
Ov,; [3) Set of V;’s pending requests at time ¢
URg; (1) Set of unserved requests in R;’s coverage
L (1) Set of tentative services using 12V communication in
R; R;’s coverage
Tl‘e/ ) Set of tentative services using V2V communication in
L

R;’s coverage
Vs Sender vehicle in tentative service

\7°% Receiver vehicle in tentative service
S;ei ) Set of candidate scheduling result in R;’s coverage
S;i (r) Centralized scheduling of R;
Sgk ) Ad hoc scheduling of Cy
Ay, (1) Service ability of V;

some vehicles in its coverage area to cache some data items
corresponding to the transferred requests. In Fig. 1 (a),
assume that a) V7 and Vg were within R;’s coverage, when
Vo-V11 left the Ry’s coverage. b) Vg requested some data items
including ‘a’. c) Vg and V7 are still requiring the data item ‘a’.
Since the data service was scheduled based on the unserved
requests of Vo-Vi1, which had been transferred from R;, Vg
retrieved the data item ‘a’ by priority, through the centralized
scheduling in R;’s coverage. As shown in Fig. 1 (a), Vg shares
the data item ‘a’ with Vo and V}; via V2V communication,
after leaving R;’s coverage. Again, in large-scale and complex
traffic scenarios, it is challenging to have the best cooperation
among RSUs and implement an efficient ad hoc data sharing to
balance RSU workloads and maximize the spatial reusability
of V2V communication.

IV. HYBRID CENTRALIZED AND AD HOC DATA
SCHEDULING (HCA) PROBLEM

The primary notations are summarized in Table 1.
A set of vehicles at time ¢ is denoted by V () =
Vi, Vo, ..., Vi, ..., Vv ), where j and |V (¢) | are vehicle
ID and the number of vehicles, respectively. The speed of
V; is denoted by s(V;). The set of clusters at time ¢ is
denoted by C (t) = {C1,C2,...,Ck,...,Cicq)), where k
denotes cluster ID and |C (¢)| is the number of clusters.
Each cluster consists of a CH and CMs. A set of vehicles
not included in any cluster is denoted by V[ (). The set of
vehicles within RSU i (R;)’s coverage is denoted by Vg, (¢).
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The set of V;’s neighboring vehicles at time ¢ is denoted by
Ny; (1) ={Vn | Vo € V() Adis(Vj, Vi) <rV2V}, where V),
(I <h < |V (¢)]) represents a neighboring vehicle of V; and
rV2V is the V2V communication range. dis(-, -) is a distance
between two vehicles. According to the driving direction of
the neighboring vehicles, Ny, (¢) is represented by Ny; (1) =
{NS Hu NO (t)}, where NS (t) and NO (t) are the sets of
nelghborlng Vehlcles moving’ in the same/opposne direction
as V;, respectively. NSj (r) is expressed as NSj ® = {Vy |
Vi € Ny, (t) Adir (Vy) = dir (V;)}, where dir(-) denotes
the driving direction of a vehicle. Ny 0 (t) is represented by
NO (t) = {Va | Vu € Ny, (1) /\dlr(Vh) # dir (V;)}. The
set of vehicles that are in Ny, 5 (t) but not in any cluster is
expressed as N”] &) ={Vi | Vh € NS () AV e Vi)
The database is represented by D = {dl,dz,.. ,dp},
where |D| denotes the number of data items (i.e., database
size). Vehicles may request data items in the D based on
specific applications with different deadlines. The set of

Vj’s pending requests at time 7 is expressed as Qy; () =

Qv (D]
{qv , qv s qv s gy, Vi }, and each request corre-

sponds to a data 1tem in the D (ie., qy. € D), where x (1 <
x <|Qv;@)|) is V;’s xth pending request and |Qy; (¢)] is the
number of pending requests. The set of cached data items of

: 1 2 m 1Dyl
Vj is expressed as Dy, (t) = {d " diy,....dy ..., dv, 1
where m (1 < m < |Dy,;(1)]) is V;’s mth cached data item
and |Dy;(7)| is the total number of cached data items. Each
dy e D.

Wlthm an RSU’s coverage, pending requests can be served
by the RSU via 12V communication or by a neighboring
vehicle through V2V communication. Based on neighboring
vehicles’ cached data items, a data item corresponding to
a request can be retrieved in multiple ways when multiple
neighboring vehicles can provide the service. We refer to
such viable data services via I2V or V2V communication
as tentative services (TS). According to the communication
mode (i.e., I2V or V2V communication), there are two
types of TSs: TI (t) and TV (t). The set of TSs using 12V
communication in R;’s coverage is expressed as TI ) =
{(Rz»qV/ Vr) | Vi € Vg, (1) /\qV, € QVR/ (0}, and the
set of TSs using V2V communication in R;’s coverage is
expressed as Tv (t) = {(Vs, q"i S VR) | Vs, V€ Vg, (1) A

qy., € Qvp (t) A Vs € Ny, (t) N qv € Dy (1)}. Each
TSR is represented by a tuple comprising the sender (7X),
the data item to transmit, and the receiver (Vg/) in order,
where T X is either a sender vehicle (Vs) or R;. Consider-
ing hardware limitations and the characteristics of wireless
communication (i.e., multiple data items cannot be transmitted
or received simultaneously; a data item cannot be transmitted
and received simultaneously; data collision can occur at the
receiver due to the existence of multiple senders), each TS may
have different incompatible TSs. Therefore, several candidate
scheduling results can be generated based on the TSs. The
set of candidate scheduling results within the coverage of

\S/ @)l
R; is denoted by S;e; () = {511?;»512?;» P 1,

where |S;?i (t) | is the number of candidate scheduling results.

The wth (1 <w < |Sg. (1) |) candidate scheduling result is

represented by s;‘{’_ = {(TX,q)“,R/,VR/) | (TX, qéR,,VR/) €

Tléi (rHyu T,X (t)}, where TX is either Vg or R;. The set of

unserved requests in R;’s coverage is expressed as Ug, (t) =
U Qvy; (1), where ¢’ is the latest time in the coverage

VieVe, (')A

VgV, (1)

of R; before V; left the coverage. The unserved request infor-

mation, i.e., the tuple (V;, qv ,8(V;), Cy), is transtferred to the

RSU to which the vehicle is headmg Here, Cy represents the

cluster including V;.

Given the above definitions, the HCA problem is formulated
as follows. First, for centralized scheduling within an RSU’s
coverage area, HCA attempts to serve as many requests as
possible in the coverage of RSUs via a hybrid of 12V and
V2V communications. Besides, to maximize the chance of
V2V data sharing in bidirectional road scenarios outside an
RSU’s coverage area, HCA also considers requests transferred
from neighboring RSUs. The centralized scheduling of R; is
expressed as follows:

2

C
Sk, (1) =  max
TX.qy,,.VR)Esk,

n ((TX,q ,v/)
1§w§|5;{[(,)\( { (( dv,, R)

+p (qu, lay,, € Ur_, () UUg, (t))}, M

where n(-) indicates the number of TS receivers (i.e., n(-) =
1); p() (0 < p(-) <2) is the degree that a data item corre-
sponding to ‘]v can be shared via ad hoc scheduling out of
the RSU coverage; R;_1 and R;;; are the peer RSUs of R;.
Second, for ad hoc scheduling out of RSU coverage, HCA
attempts to maximize V2V data sharing by constructing clus-
ters dynamically, selecting CHs, and determining the sender
vehicles and data items for broadcasting in each cluster.
Therefore, ad hoc scheduling is expressed as follows:

S¢, @) = Jnax. Ay, (1), (2)

where Ay; (7) denotes the service ability of V; in C. In other
words, Ay, (r) indicates the maximum number of target
receivers among the vehicles driving in the opposite direction.
Based on (1) and (2), to maximize the complete set of data
service opportunities in bidirectional road scenarios, the over-
all objective of HCA (HCA (t)) is expressed as follows.

HCA () = Sk, (0 + 2S¢, (). 3

VR; VCy

V. RSU COOPERATION-BASED ADAPTIVE
SCHEDULING (RCAS) ALGORITHM

In this section, we propose an online scheduling algorithm
called RCAS. Fig. 2. shows the flow chart of the overall
framework of RCAS, which includes both centralized schedul-
ing and ad hoc scheduling mechanisms depending on vehicle
locations, as well as a mechanism for clustering mechanism.
Within the RSU’s coverage, data items are disseminated using
cooperative 12V and V2V communications based on central-
ized scheduling. In contrast, when vehicles are out of RSUSs’
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Fig. 2. Overall framework of RCAS.
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Fig. 3. Flow chart of the centralized data scheduling.

coverage, the ad hoc scheduling is exploited to share cached
data items via V2V based on the dynamic construction of
clusters.

A. Centralized Data Scheduling

The flow chart of the centralized data scheduling is shown
in Fig. 3. RSUs update TSs based on the vehicle informa-
tion within their coverage. After that, they assign weight
values to the TSs. We construct an undirected graph G
as shown in Fig. 4. Each vertex denotes a TS and each
edge means that the connected vertices cannot be imple-
mented simultaneously due to hardware limitations or wire-
less communication constraints. We transform the problem
to MWIS, which is a well-known NP-hard problem [27],
and a greedy algorithm is adopted to search viable solutions.
Details of the centralized scheduling algorithm are described
below.

1) Weight Assignment: Due to highly dynamic and bias of
service workload distribution among different RSUs, many
requests are expected to be served via V2V data sharing
outside the RSU’s coverage based on the cached contents
of peer vehicles. As described, we transform the scheduling
problem to the MWIS problem. With that, to improve data
services within the coverage of RSU and increase the V2V
data sharing opportunity simultaneously, it is critical to assign
a proper weight to each TS. To this end, the following factors
are considered for the weight assignment.

« Service within RSU coverage (sw)

sw(T S) represents how many vehicles can receive a data
item with the given TS. According to the definition,
the TS means one data service for one receiver via either
12V or V2V communication, and hence, we have:

sw(TS)=1. 4)

Influence on ad hoc data scheduling (ia)

ia(TS) is the influence of a TS on ad hoc scheduling
out of RSUs’ coverage. Clearly, a data item has higher
influence if it has higher potential to serve transferred
requests via V2V communication out of RSUs’ coverage.
The set of clusters approaching R; with the opposite
direction with the receiver in TS is indicated by CO (Vg).
The set of unserved requests of Cr in CF 0 (VR/) Wthh
are transferred to R;, is denoted by Uck(t) = {qv |
ay, € Uk, () UUR,, (D AV € CenCr € CO(VR/)}
where qV is V;’s xth pending request. The frequency of
a request in Uc, () is denoted by fr(request ID, Cy).
To assign the highest weight to the TS that is most
influential in ad hoc data scheduling, ia(T'S) is expressed
as follows:

ia(TS)

SR ED VD 3

k st js.t. X s.t.
CreCy (Ve VieCy qv SUAGI

fray, €O < Fri@j, Ch)

friay, Ci)
[UcICE (VR

)

where v, is the required data item ID by Vg in the
TS. Note that 0 < ia(TS) < 1. With (5), we find
the probabilities by which the other data items with
greater frequency than qy,, are selected for data services
relative to each cluster approachlng the RSU first. Then,
we calculate the mean of the probabilities to find the mean
transmission probability of g, . Here, a greater ia(T'S)
value means that dy,, has higliler probability to provide
data services to the clusters.

Expected connection time (ct)

For success data sharing via V2V communication, suffi-
cient connection time is required between two vehicles.
Therefore, it is effective to select the TS that has a
long expected connection time between a sender (i.e.,
the receiver of the TS) and a tentative receiver (i.e.,
a vehicle in a cluster approaching the RSU). To this
end, we calculate the expected relative connection time
between a receiver of the TS and vehicles requiring qy,,
in each cluster.

The set of expected connection times between a receiver
of TS (Vg/) in R;’s coverage and each vehicle in a cluster
(Cr) approaching R; is expressed as:

2rvav
s(Vgr) +s(Vj)’

VieCi ANCy € C,?,. (Vr)t, (6)

Ec, = |e<vR/, Vi) eV, Vi) =
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Fig. 4. Example of constructed graph based on Fig. 1 (b).

where V; indicates a vehicle in Ci. The set of expected
connection times between Vg and the vehicle that
requires the same data service in Cy is expressed as

Vier
ECkR — {e(VR/, Vj) I e(VR/, Vj) S ECk
Ay, € Qv; ) AVje Gl (7)

Therefore, ct(T'S) is expressed as:

>

k fjt'
CkECRl» (Vo)

Ve
ECk

ct TS = 5
(T5) max (Ec, ) ICR (V)

()

where E gf/ is average value of set E gf/. Note that ¢t (T'S)
is 0 < ct(TS) < 1 and a greater ct(TS) value indicates
that the connection time between vehicles is more stable.
Here, the latest speed information is used by the RSU to
calculate the connection time.
Based on the above three factors, the weight TS (W(T'S)) is
expressed as:

W(TS)=sw(TS)+ia(TS)+ ct(TS). ©)

2) Graph Construction: We represent the TSs via vertices
with the identifiers of the sender, the data item to transmit,
and the receiver shown in Fig. 4. Then, we connect those
TSs which cannot be implemented simultaneously, which are
considered as conflicting TSs. Conflicting TSs are caused by
hardware limitations and communication constraints. Specif-
ically, OBUs and RSUs can only transmit a single data
item at a time, and they cannot send and receive data
items simultaneously. Moreover, data collision can occur at
a receiver when it receives data items from multiple senders
simultaneously through the same channel. To give clearer
illustration, we define conflicting TSs based on the example
shown in Fig. 1 (b).

o Two TSs are in conflict if they represent 12V communi-
cation because an RSU can broadcast only one data item
at a time (e.g., RjaV, and R1dV3 are in conflict).

o Two TSs are in conflict if the receiver of the TS using I2V
communication is also assigned as either the sender or
receiver of the TS using V2V communication, because an
OBU cannot receive data services from multiple senders
simultaneously (e.g., RjaVs and VbV, are in conflict).

o Two TSs are in conflict if two senders are the same and
they are assigned to transmit different data items, because

Yes Select a next
CH

N

)
Withdrawal
om the cluster?
o

m
N

Withdrawal from
the cluster

Join the cluster

Not in any
cluster?
Yes

Self-cluster
generation

End

Fig. 5. Flow chart of the dynamic clustering mechanism.

OBUs can only transmit a single data item at a time (e.g.,
Vsc Vg and VsaVy are in conflict).

o Two TSs are in conflict if a sender of one TS is a receiver
of the other TS, because OBUs cannot be a sender and
receiver simultaneously (e.g., VedV3 and VzaV, are in
conflict).

e Two TSs are in conflict if a receiver of one TS is a
neighboring vehicle of a sender of the other TS, because
data collision will occur at the receiver (e.g., V5c¢ Vg and
VibVy are in conflict).

3) Greedy Method: With the construction of G, we adopt
a greedy method [28] to solve the MWIS approximately.
According to the selected TSs, data services are implemented
using a hybrid of 12V and V2V communications. The main
procedures of the adopted greedy method are outlined as
follows. First, it calculates the W(T'S)/(d(TS) + 1) value
of each vertex, where d(TS) means the degree of vertex
indicating 7'S. Second, it selects the vertex with the maximum
W(TS)/(d(TS) + 1) value. Third, it removes the selected
vertex, the vertices connected to the selected vertex, and the
edges of the removed vertices. Fourth, it repeats the above
procedures in the remaining G until no vertex remains.

B. Dynamic Clustering Mechanism

A dynamic clustering mechanism is designed for supporting
ad hoc data sharing out of RSUs’ coverage. As shown in
the flow chart of Fig. 5, CH selects the next CH, and
then, vehicles decide whether to withdraw from the cluster.
For ad hoc scheduling, the vehicles need to be affiliated to
clusters. Therefore, the vehicles determine whether to join
the neighboring cluster, after the withdrawal decision. For
vehicles to join a cluster, they follow join procedures to be
elaborated below. Otherwise, the vehicles check whether they
are included in a cluster. If they are CH or CM of a cluster,
they remain in the cluster. Otherwise, the vehicles create a
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new cluster by themselves. The detailed CH designation and
cluster management consist of four phases:

o Phase 1: CMs broadcast the cluster management infor-
mation to the CH, including ID of the affiliated cluster,
location, and speed.

o Phase 2: based on the received message from the CMs,
the CH updates the number of CMs, the average speed
of the cluster, and the locations of front-most (V) and
rear-most (V,) vehicles in the cluster. Then, the CH
broadcasts the updated control message.

o Phase 3: the CH and the CMs calculate their weights
for CH designation based on the received message in
the second phase. After that, CMs broadcast the control
message including the weight values.

o Phase 4: the CH selects the vehicle with the highest
weight as the next CH. Then, the CH announces the next
CH through the control message to the CMs.

Note that the communication overhead will not be the hurdle
of cluster management and ad hoc scheduling because DSRC
supports 6~27 Mbps data transmission rate and the size of
control message is in the order of hundred bytes.

To calculate the weight for CH designation, we consider the
following three factors: speed difference between the average
speed of the cluster and a vehicle (ws(V;)), the vehicle’s
location in the cluster (wc(V;)), and the number of neigh-
boring vehicles in the same cluster (wn(V;)). The weight of
the vehicle V; is calculated by W(V;) = ws(V;) +wc(V;) +
wn(Vj).

o To prevent frequent CH changes, we assign a higher
weight to a vehicle whose speed is closer to the average
speed of the cluster (as(Cy)), where the vehicle is in Cy.
The weight is denoted by ws(V;), which is computed by

) . (10)
where V; € Cr and 0 < ws(V;) < 1.

o To further enhance cluster stability, we assign a higher
weight to a vehicle which is closer to the center point of
the cluster. The weight is denoted by wc(V;)" and it is
computed by

as(Cy) —s(V;)

ws(V;) = max (O, 1— 45(Co)

1

[
dis(Ve, V) " dis(V;,V))

1

we(V;)

max (we(V;)') =

2 2
sV T Ao
we(V;)

we(Vi) = max (wc(Vj)/)

Y

where V;, Vy, V. € Ci. Since wc(V;) = 0, we(V;) is
nomalized to the range [0,1] using max (wc(Vj)/), which
is the maximum value of wc(V;)" when the vehicle is at
the center of cluster. The normalized value is represented
by wc(V;) as shown in (11).

« To maintain cluster size, i.e., the number of vehicles in
the cluster, we assign a higher weight to a vehicle that can
cover more vehicles in the same cluster. In other words,

the next CH must cover the most CMs. Therefore, wn(V;)
is expressed as:

c
‘ NV;( ®) ’

wn(V;) = T

(12)

where 0 < wn(V;) < 1 and Ngjk (1) ={Vp | Vj, V) €
Ck A Vn € Ny, (1)}, which indicates the set of V;’s
neighboring vehicles in the cluster Cy.

Based on the W(V;) received from the CMs, the CH
selects the next CH with the highest weight, and the other
vehicles become CMs. In the following, we define the cluster
management schemes with three possible options.

o Withdrawal from the cluster: it occurs when a CM is

no longer within the CH’s coverage. Namely, when V;
is a CM of Cj but cannot communicate with CH of
Crx (CHy) via one-hop V2V communication. Therefore,
withdrawal from a cluster is implemented when the CM
satisfies dis(CHy, V) > rV2V, where dis(CHg, V;) is
the distance between the CH and the given CM (i.e., V;).
Joining a cluster: it is implemented when a vehicle is
within the coverage of another cluster’s CH. There are
two cases according to the state of the vehicle: a) when a
vehicle not in any cluster attempts to join the nearest
cluster. Assuming that V; is not in a cluster and the
nearest cluster is Cy, V; must be within C Hy’s coverage
to join that cluster. In other words, V; must satisfy
dis(CHy, Vj) < rV2V to join Ci. b) when a CM is
within the coverage of another cluster’s CH. To prevent
frequent cluster changes, joining a cluster is only allowed
when another cluster is larger than the currently joined
cluster. Assuming that V; that is a CM of Cy is within the
coverage of the C Hyy+1 of Ciy1, the vehicle must satisfy
the condition dis(V;, CHyy1) < rV2V A |Ck| < |Cryil
to join cluster Ciy1. Note that a CH can also join a
neighboring cluster. In this case, the CH disbands the
cluster through a control message before joining the other
cluster. The disbanded CMs attempt to join the neigh-
boring cluster or generate a new cluster if there are no
neighboring clusters within their coverage.

Self-cluster generation: it is executed when a vehicle
that cannot be a CM of any cluster. If multiple vehicles
are not included in any cluster, the vehicle with the
highest weight becomes the CH. To this end, vehicles
broadcast control messages and calculate their weight
based on the received information. Specifically, if V;
satisfies the condition, ws(V;) is computed with the
average speed of N"ﬁj (). For wc(V;), the locations of
Vy and V, of N"jj (1) are used, and wn(V;) is calculated
as |N$j (t)|/|N‘S,j (t)|, where |N\§j (t)| is the number of
vehicles moving in the same direction in Ny, (¢). After
weight calculation, the vehicles broadcast their weight
value. Then, the vehicle with the highest weight among
its neighboring vehicles becomes the CH and announces
its role in the cluster and its new cluster ID through a
control message.
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TABLE 11
SIMULATION STATISTICS UNDER DIFFERENT TRAFFIC SCENARIOS

Traffic Volume Mean Arrival Rate (vehicles/h) Mean Speed (km/h) Mean Density (vehicles/km)
Level First Lane | Second Lane | Third Lane | First Lane | Second Lane | Third Lane | First Lane | Second Lane | Third Lane
1 1000 900 800 109.31 100.26 91.23 8.91 8.85 8.77
2 1500 1400 1300 102.42 93.60 84.84 14.64 14.91 15.15
3 2000 1900 1800 94.36 86.27 77.04 21.36 21.57 22.95
4 2500 2400 2300 84.75 76.08 65.46 29.37 30.83 34.54
5 3000 2900 2800 70.72 53.18 42.03 41.06 51.65 57.96

Calculate
service ability

Select a sender Yes No Transmit ‘!.lle
vehicle service ability to
the CH

Tune to the
reception channel

Broadcast a
data item

Fig. 6. Flow chart of the ad hoc data scheduling.

C. Ad hoc Data Scheduling via V2V Communication

The flow chart of ad hoc data scheduling is shown in Fig. 6.
As shown, vehicles calculate their service abilities first. Then,
CMs transmit their service ability values to the CH. Based on
the received information, the CH selects a sender vehicle. The
selected vehicle broadcasts a data item, and the other vehicles
tune to the reception channel to receive data services. The
detailed description of ad hoc data scheduling is described as
follows.

o First, CMs advertise their outstanding requests.

o Second, a CH advertises its unserved requests.

o Third, the CMs and the CH calculate their service abil-
ity based on their cached data items and the unserved
requests of neighboring vehicles driving in the opposite
direction, and then the CMs broadcast their service ability.

o Fourth, the CH designates a sender vehicle based on
the received information. The CH assigns the ID of the
sender vehicle, which has the highest service ability in
the cluster.

« Fifth, the designated sender vehicle searches its cached
data items and broadcasts the one with most pending
requests.

Note that from Step 1 to 4, the parameters are included in
the control message. The computation of the service ability is
described as follows.

Assume that V; is in Cj, and its neighboring vehicles
driving in the opposite direction is denoted by N‘% (t). The

set of vehicles in N‘(,?j (t) requiring d’\z is expressed as

RV(dy) = (Vi | Vi € NO (t) Adl. € Qy, (t)}. Then,
the service ability of a vehlcle is determmed according to
the cached data item corresponding to the data item most
requested by vehicles in Ny O (1), which is expressed as
Ay; (1) = Maxi<m<|Dy, (,)|(|RV(d’")|) where |RV(d’”)| is
the number of vehicles in RV(dm/)

Based on the above description, we analyze the complexity
of the ad hoc mode as follows. First, when calculating the
service ability, the vehicles need to compare their cached data
items and the unserved requests of neighboring vehicles, and
the complexity is O (|N0 (t)1- 1Dy, (0)] - 1Qv, (r)|), where
Vi € Ny Q (t) Second, when designating a sender vehicle,
the CH scans the service ability values of the CMs, and
the complexity is O(|Ck|). Therefore, the overall complexity

O (INy, (1) |- 1Dy, (0] - 1Qv, (] + |Ck]). Since the num-
ber of cached data items (i.e., [Dy,;(t)]) and the number
of outstanding requests (i.e., |Qy, (¢)|) are bounded by the
size of database |D|, the complexity of the ad hoc mode
can be expressed as O (|N‘9j () |-|DI*+ |Ck|). Note that in

practice, IN“,)_ (t) | and |Ck| are typically very small due to the
high mobility of vehicles and the short V2V communication
range. Hence, the computational overhead of ad hoc mode will
not a hindrance in the feasibility and the scalability.

VI. PERFORMANCE EVALUATION

A. Setup

We build the simulation model with CSIM 19 [29] based on
the system architecture described in Section III. Specifically,
there are five RSUs at intervals of 3 km on a bidirectional
straight road (three lanes in each direction). The arrival pattern
of vehicles follows the Poisson process. The default vehicle
arrival rate is set to traffic volume level 3 described in Table II.
The traffic flow is simulated based on the Greenshield’s model,
which is commonly adopted when simulating macroscopic
traffic scenarios [30] Accordingly, vehicle speed (v) is derived
by v = V/ — Yo .k, where V/ is the free flow speed (i.e.,
the maximum speed limit) and K/ is the jam density (i.e.,
the density leading to zero velocity of the vehicles). k is the
current density of the vehicles in each lane. For each driving
direction, the free flow speeds of the three lanes are set to v} =
120 km/h, 1)2 = 110 km/h, and 1)2 = 100 km/h, respectively.
K/ is set to 100 vehicles/km. The communication ranges of
the RSU and OBU are set to 300m and 150m, respectively.
The scheduling period is 1 s. Each vehicle generates one to
seven requests within each RSU’s coverage area, and the data
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Fig. 7. Overall service ratios under different traffic workloads (a), maximum deadline (b), and DB size (c).

access pattern follows the Zipf distribution [31]. Specifically,

for d, (dg € D where 1 < g < |D]), the access probability of
1

%, where | D| is the database (DB)
u=1\1u

size. As the default settings, DB size and parameter 6 are set
to 200 data items and 0.6, respectively.

We simulate various traffic volume levels to evaluate algo-
rithm performance under different traffic workload environ-
ments. The detailed statistics are summarized in Table II. Also,
we evaluate the algorithm performance under various deadline
ranges and DB sizes. As the default settings, the minimum
and maximum deadlines are set to 10s and 300s, where the
deadline of each request is distributed uniformly.

We compare the proposed algorithm to MS [16] and a com-
bined SFR [15] and the Cooperative Downloading Protocol
(CDP) [11] algorithm. MS is the most comparable algorithm
to our problem in terms of service strategy. SFR is the closest
solution in the literature to our centralized data scheduling,
but it does not consider the V2V data sharing out of RSUSs’
coverage. For a fair comparison, we combine SFR with CDP.

We evaluate the performance of the proposed algorithm
using the following metrics.

dg is computed as

o Opverall service ratio: it is calculated by the total number
of served requests over the total number of submitted
requests. The overall service ratio is the primary metric
for evaluating system performance.

o Service ratio by V2V communication: it is calculated by
the number of requests served via V2V communication
over the total number of submitted requests. This metric
evaluates algorithm performance relative to the benefits
of V2V communication.

o Average RSU workload: it is the average number of
pending requests in an RSU in each scheduling period,
Z Z [Or; (1)

R;€VRSU t=0 N(RSU) - T°

|Qr;(t)| is the number of pending requests in every

time ¢t at R;, N(RSU) is the number of RSUs, and T

represents the simulation time. This metric evaluates the

which is calculated as , Where

effectiveness of the algorithm in terms of offloading an
RSU’s workload.
« Data collision ratio: it is the ratio of V2V data sharing out
of the RSU coverage, which is calculated as %
where SV is a sender vehicle out of RSU coverage, Agy
is the service ability of SV, and DC is the number of

data collisions at receivers.

B. Simulation Results

Fig. 7 (a) shows the overall service ratios under different
traffic workloads. A greater volume level means a higher
vehicle density. As shown, RCAS has a higher service ratio
than MS and SFR+CDP. The service ratios of the three algo-
rithms decrease until level 4 because the traffic workloads have
increased such that the vehicles cannot retrieve the required
data items at relatively high speed within RSU coverage. After
level 4, the service ratio of SFR+CDP increases because
the vehicles stay within RSU coverage for sufficient time to
retrieve the required data items. In contrast, the service ratios
of RCAS and MS decrease slightly because V2V data sharing
decreases when out of RSU coverage due to increased interfer-
ence, as shown in Fig. 9 (a). By comparing the gradient of each
algorithm, it can be seen that the proposed RCAS has a stable
service ratio for each traffic volume level, which means it is
less affected by the volume of traffic. Fig. 7 (b) and (c) show
the overall service ratios under various deadline ranges and DB
sizes, respectively. The service ratios of the three algorithms
are proportional to the maximum deadline. However, they are
inversely proportional to DB size because the opportunities
for V2V data services decrease. In Fig. 7 (c), the proposed
RCAS has a lesser gradient than the other algorithms, which
means it is more adaptive to DB size (i.e., diversity of service
applications). Note that none of the algorithms can guarantee
the timeliness and completeness of data service due to various
service workloads, fast vehicle mobility, and different request
deadlines.

Fig. 8 (a), (b), and (c) show the service ratios by
V2V communication of RCAS, MS, and SFR+CDP, respec-
tively. The three algorithms have similar performance within
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Fig. 10. Average workload at RSU under different traffic workloads (a), maximum deadline (b), and DB size (c).

RSU coverage. However, RCAS has the best V2V data Fig. 9 shows the data collision ratios of RCAS and MS.
sharing performance out of RSU coverage due to its Note that there is no data collision for SFR+CDP because
ad hoc data scheduling policy. Therefore, it can better SFR and CDP are designed to avoid data collision. As noted
exploit V2V communication relative to offloading an RSU’s  from Figs. 9 (a) and (b), the data collision ratio of both RCAS
workload.

and MS are proportional to the traffic workload and deadline
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range, because the opportunities of V2V data sharing increase
with increasing vehicle density and request deadline. Note that
RCAS is less affected by traffic workloads and the maximum
deadline because the proposed dynamic clustering mechanism
reduces data collisions. In Fig. 9 (c), the collision ratio of both
RCAS and MS are inversely proportional to DB size due to
the decreased opportunities for V2V data sharing because it
is difficult for vehicles to find neighboring vehicles that have
cached the data items corresponding to their pending requests.
Here, even though it has a higher service rate (Fig. 7 (c)),
RCAS is less affected by DB size due to the proposed ad hoc
scheduling mechanism.

Fig. 10 shows the average and the standard deviation of
RSUs’ workloads. The standard deviations are represented by
error bars in the figure. As shown, RCAS has the lowest aver-
age workload under all the scenarios. The average workload of
each algorithm increases with an increasing traffic workload,
as shown in Fig. 10 (a). In Figs. 7 (b) and (c), the average
workload of RCAS increases slowly with an increase of
maximum deadline and DB size. When the maximum deadline
is 100s, RCAS has a similar average workload with MS. This
is because most of the unserved requests expire before the
requester vehicles reach the coverage of next RSU. In terms
of balancing the workloads, RCAS has the smallest standard
deviation value, in general. Therefore, it demonstrates that
RCAS is effective in terms of adaptively alleviating and
balancing RSUs’ workloads.

VII. CONCLUSION

In this paper, we presented a data dissemination system in
bidirectional road scenarios based on 12V/V2V vehicular com-
munications. Specifically, we formulated a hybrid of central-
ized and ad hoc data scheduling (HCA) problem, which aims
to better exploit the synergetic effects between the centralized
scheduling within the coverage of RSUs and the ad hoc data
scheduling out of the RSUs coverage. To solve this problem,
we proposed an RSU cooperation-based adaptive schedul-
ing (RCAS) algorithm that consists of three mechanisms:
centralized scheduling, ad hoc data scheduling, and cluster
management. Finally, we developed a simulation model and
gave a comprehensive performance, which demonstrated the
superiority of our proposed algorithm in terms of improving
service ratio and alleviating and balancing the workloads of
RSUs.

In the future work, the timing constraint of services will be
further considered for real-time services. Also, multi-hop V2V
communications will be investigated in such a bidirectional
road scenario.
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