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ABSTRACT

Recent advancement of wireless communication technology in vehicular ad-hoc networks
(VANETS) is expected to make various driving-related applications, which are envisioned by
people, come true in near future. Data dissemination plays an important role to enable the emerging
applications. Nevertheless, due to the limited bandwidth resource and the dynamic traffic feature,
it is challenging to provide efficient data services in VANETS. In this work, we present a data
dissemination system based on a hybrid of infrastructure-to-vehicle (I12V) and vehicle-to-vehicle
(V2V) communications and a cooperation among multiple roadside units (RSUs) on a two-way
roadway. The primary objective is to best explore the channel efficiency for both 12V and V2V
communications and offload workloads of RSUs so that the system performance on data service
can be maximized. To this end, we propose and integrate three approaches to enhance channel
utilization and offload the workloads of RSUs. Specifically, in RSU’s coverage, data items are
disseminated via the hybrid of 12V and V2V communications. For the vehicles travelling out of
the RSU’s coverage, certain vehicles will be designated by RSUs to provide data services via V2V
communication, which are called server-vehicles. Finally, RSUs located at different spots are
designed to cooperate with each other for 12V data dissemination and a server-vehicle designation.
An extensive performance evaluation demonstrates that the algorithm which combines the above
three approaches can achieve higher service ratio, lower service delay, and higher fairness
compared with the most competitive solution in the literature.

Keywords: data dissemination, RSU cooperation, scheduling, hybrid of 12V and V2V communications
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. Introduction

Efficient data dissemination is one of the most critical issues in vehicular ad-hoc networks
(VANETS) to enable a variety of emerging intelligent transportation systems, such as the
applications to enhance vehicle safety, transportation efficiency, and passenger comfortableness,
etc. [1]. According to [1] and [2], it is expected to provide the services such as the parking lot
booking, restaurant information (e.g., distance, food price, and menu), road sign notifications, map
download, etc. in VANETSs. Dedicated short range communication (DSRC) is one of the most
promising wireless communication technologies, which is dedicated to enable both infrastructure-
to-vehicle (I12V) and vehicle-to-vehicle (V2V) communications in VANETS. In general, DSRC is
a suite of protocols including IEEE 802.11p, IEEE 1609.1/.2/.3/.4 [3], and SAE J2735 message set
dictionary [4]. In order to build VANETSs through DSRC, two kinds of devices are utilized: a
roadside unit (RSU) and an on-board unit (OBU). The RSU is a fixed infrastructure installed along
the road to provide data services. The OBU is mounted on a vehicle to enable V2V and 12V

communications.

According to [5], the world vehicle population is estimated to reach 1.34 billion by 2016. Given
the trend of the increasing number of vehicles, when the DSRC devices come into wide use, there
will be tremendous demands on data access in VANETS to enable different applications, resulting
in excessive channel access and increased workloads at RSUs. The performance of data services
will be degraded dramatically due to the limited bandwidth resource when the system workload is
getting heavier. Therefore, it is imperative to improve the channel efficiency on data services in

VANETSs.



Scheduling data dissemination in VANETSs has been extensively studied in previous works.
Relevant studies can be generally divided into single RSU based and multiple RSUs based data
services. The single RSU based scheduling schemes only contemplate the data services for the
vehicles within the RSU’s coverage [6-8]. On the multiple RSUs based data service, the RSUs can
cooperate to complete data services and further enhance the overall system performance. In such a
scenario, each RSU may serve a part of the request [9-11]. Nevertheless, none of the previous work
has considered the cooperation among RSUs by exploiting both the 12V and V2V communications
in the coverage of each RSU, as well as V2V communications outside any RSU’s coverage. In this
work, we present a multiple RSUs based data dissemination system which considers providing the
delay tolerant services by coordinating the hybrid of 12V and V2V communications in each RSU’s
coverage and designating proper sender vehicles for V2V data sharing out of RSUs’ coverage via
the cooperation of RSUs. The primary objectives are to enhance overall data service performance

and offload workloads at RSUEs.

Cooperative 12V and V2V communications within RSUs’ coverage is a promising mechanism
to improve the channel efficiency and balance the workloads. The service via pure 12V
communication will not only increase the workloads at the RSUs, but also decrease the system
scalability due to the limited service range of the RSU and the speed of vehicle. To deal with the
observed problems, we consider designating the proper vehicles to assist data services so that they
are able to serve the requests with their cached data items via V2V communication. However, it is
challenging to design an efficient and cooperative data service mechanism via 12V and V2V
communications. First, adjacent vehicles that can communicate with each other may suffer from
interference when they try to exploit the same channel simultaneously to transmit or receive data

items [12, 13]. Second, with single-radio OBUSs, vehicles can only switch to either 12V or V2V
-2 -



mode at a time [14]. Third, current half duplex DSRC devices cannot transmit and receive data

items simultaneously.

In addition to exploiting cooperative 12V and V2V communications within the RSU’s coverage,
it is expected to further enhance the channel efficiency and reduce the workloads by serving
requests out of the RSU’s coverage via V2V communication. In this work, we consider designating
proper vehicles as ‘server-vehicles’, so that they can broadcast their cached data items to their
neighbors via V2V communication. The server-vehicles can potentially serve those vehicles which
are driving in the opposite direction when they are meeting somewhere along the two-way road.
There are challenges to select the server-vehicles. First, RSUs need to select proper vehicles to
improve data service performance by considering the cached contents in vehicles. Second, there is
a trade-off between the number of server-vehicles and the V2V communication interference. That
is, although more server-vehicles may give a better chance to serve more requests, excessive
designating sender vehicles would dramatically increase the signal interference at the receiver,
causing unsuccessful services. Third, there is another trade-off at the RSU between directly serving
vehicles in its own coverage and indirectly serving other vehicles by designating a server vehicle.
In other words, in order to let the server-vehicle retrieve and cache the data items required by
vehicles from other RSUs, this RSU has to allocate certain bandwidth (or time slots) to serve the
server-vehicle, and thus it may scarify the performance of serving the vehicles in its own coverage

if the schedule is not well designed.

With the above analysis, we focus on the data dissemination on a two-way roadway where
multiple RSUs cooperate in providing data services. This work is dedicated to investigating how to

efficiently offload the workloads among multiple RSUs, designate server-vehicles, and schedule

-3-



data dissemination via the hybrid of 12V and V2V communications, so that the system performance
can be maximized in terms of improving the service ratio, reducing the service delay, and

guaranteeing the fairness of data service.

The main contributions of this work are outlined as follows. First, we present a multi-RSU
cooperated data service system where both the 12V and V2V communications inside RSUs’
coverage and the V2V communication outside RSUs’ coverage are exploited to enhance the data
service performance. Second, we propose a solution which combines the following three
approaches: the hybrid of 12V and V2V communications in RSU’s coverage, the cooperation
among RSUs, and the server-vehicle designation for data services out of RSUs’ coverage. Third,
we build the simulation model and give a comprehensive performance evaluation to demonstrate

the superiority of the proposed solution.

The rest of this paper is organized as follows. Section Il represents the related works. Section 11l
illustrates the system model. A scheduling algorithm is proposed in section IV. In section V, we
build the simulation model and give a performance evaluation. Finally, we conclude the thesis and

discuss future work in section VI.



1. Related Work

Researches relative to the data dissemination in VANETSs have been extensively studied in
many scenarios, which are in terms of using pure 12V communication [8, 15], utilizing 12V and
V2V communications [6, 16, 17], and co-working among neighboring RSUs [11, 18]. First of all,
with regard to the pure 12V communication, K. Liu et al. present the study on real-time data
services via 12V communication by considering both the time constraint of data dissemination and
the freshness of data items [8]. In [15], maximum freedom last scheduling algorithm for downlinks
from RSU to OBU is proposed; the service priority is determined by remaining dwell time of

service channel, remaining transmission time, queueing delay, and maximum tolerable delay.

With respect to using 12V and V2V communications, K. Liu et al. present the data
dissemination system using cooperative 12V and V2V communications, towards scalable, fair, and
robust data service [6]. It proposes an on-line scheduling algorithm which is transforming the data
dissemination problem to the maximum weighted independent set (MWIS) problem. J. Wang et al.
present the cluster-based data sharing model, which is that a vehicle in a cluster transmits a data
item to a vehicle in the opposite cluster via V2V communication [16]. Different time slots are
assigned to the adjacent clusters to alleviate interference. RSU coordinates the length of the cluster
based on the signal-to-interference-and-noise ratio (SINR) in V2V communications. (i.e., RSU
divides the vehicles into different clusters.) Q. Wang et al. present the network-coding based joint
V21 downlink and V2V communication system, which is that a timely information is relayed via
V2V communication from a RSU to a vehicle which is out of RSU’s coverage [17]. To this end,

they derive the maximum throughput of the V2I downlink system considering additive white



Gaussian noise (AWGN) channels and Rayleigh fading channels with Doppler effects and discuss

the maximum achievable amount of information which can be relayed from RSU to the vehicle.

In respect of the cooperation among multiple RSUs, in [18], transferring the delay tolerant
request, which is not served via 12V communication, to the next RSU where the vehicle is heading
is proposed in order to balance workloads among RSUs. The transferred requests can be served
when the vehicle reaches the next RSU’s coverage. Y. Gui and E. Chan propose a motion prediction
based scheduling scheme, which enables cooperative work among a set of RSUs for scheduling
multi-item requests by transferring the data requests to the neighbor RSU [11]. The transferred

requests can be served at the next reaching RSU’s coverage.

The problem investigated in our work is distinguished from the above studies in terms of the
following aspects. First, we consider the maximal data service, which is delay tolerant, at a time
via the hybrid of 12V and V2V communications. Second, RSUs cooperate with each other by
transferring the unserved requests to designate server-vehicles which serve them out of RSU’s

coverage via V2V communications.



I11. Data Dissemination System

The data dissemination system in a multi-RSU cooperation environment is represented in
Figure 1. RSUs are installed along the road and interconnected via a wired backbone network so
that they can share information and cooperatively provide data services [19]. OBUs are mounted
on the vehicles to enable 12V and V2V communications. The dotted circle means RSU’s coverage.
The shadowed block represents the data item which has been retrieved and cached. The non-
shadowed block indicates the outstanding request. The dashed bidirectional arrow between two
vehicles represents that they can communicate with each other through V2V communication. The
lined arrow represents data transmission via 12V or V2V communication according to a specific
algorithm. Note that vehicles submit their requests only when they are in RSUs’ coverage and each

request corresponds to one data item.

Five DSRC channels are reserved in the system, including one control channel (CCH) and
four service channels (SCH). The CCH is used to transmit basic safety messages (BSMs), probe

vehicle data (PVD) messages, and WAVE service advertisement (WSA) messages in order to

......... [ I . e -1/ T )
| | . SRV, [g]al/]
: / 0 ﬂ" Vaz | \ 3T Vip(server)
' v o P 4 I ! flb| ! )
UL S B S ) 7y '*bv,ia
[Z] 557 Vo(server) 4 V.

E { Va:""w-.;'\\
¥ o - v ela
Oy ey

Figure 1. Data Dissemination System in a Multi-RSU Cooperation Environment
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transmit or receive the information related to the auxiliary information for scheduling or the
scheduling result which indicates the information of the sender, the receiver, and the data item to
share. Two SCH are respectively used for 12V and V2V communications in the RSU’s coverage.
The other two SCH are respectively used depending on the server-vehicle’s driving direction out
of the RSU’s coverage in order to provide data service for client-vehicles, which are not designated

as a server-vehicle.

In the system, the data service is provided through two kinds of data dissemination schemes
depending on the different service areas. One is the data dissemination via cooperative 12V and
V2V communications within RSUs’ coverage. The other is data dissemination through pure V2V

communication out of RSUs’ coverage. Detailed operations of the system are presented as follows.

A) Hybrid of 12V and V2V communications in RSU’s coverage

Within RSUs’ coverage, vehicles and RSUs periodically comply with the four phases, which
is described in Figure 2, for the scheduling data dissemination.

e Inthe phase (1), every vehicle broadcasts the heartbeat message (BSM) to its neighboring
vehicles through CCH. As a result, every vehicle can maintain a list of its neighboring

vehicles.

e Inthe phase (2), every vehicle transmits a PVD message, which is defined in [4], including
the list of the cached data items, the requiring data items, and information of neighboring

vehicles to the RSU. The message is transmitted through CCH via V2l communication.

e In the phase (3), every RSU schedules data dissemination based on the received PVD

messages from the vehicles. After that, the RSU broadcasts the WSA message to every
-8 -
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Figure 2. Phase for Scheduling Data Dissemination within RSU’s Coverage

vehicle in its coverage through CCH. The message contains the determination including
the sender vehicle IDs and the corresponding data IDs to be shared, as well as the receiver
vehicle 1Ds and their communication modes, either V2V or 12V, to be set in the following

phase.

e In the phase (4), according to the scheduling result, data items are simultaneously
disseminated via the cooperative 12V and V2V communications, where V2V
communications are constrained to one-hop. In addition to serving vehicles in its own
coverage, every RSU monitors unserved requests submitted by the vehicles which are
leaving the RSU’s coverage and informs other RSUs where the vehicles are heading, so

that other RSUs may prepare in advance for serving these outstanding requests.

The additional information such as the lists of the cached data items, the requiring data
items, and the neighboring vehicles is not described in a PVD or a WSA message format. The
size of messages depends on the number of vehicles within V2V or 12V communication

coverage in our system. We verify that the available fields of the messages are enough to
-9.-



include the additional information and describe the possible number of vehicle 1Ds, which can
be included in the PVD message, and the availability of using the WSA message in

APPENDIXA.

As shown in Figure 2, RSUs schedule data dissemination through the above phases. In RSU1’s
coverage, data items are transmitted through cooperative 12V and V2V communications. In
addition, the unserved requests, which are submitted by the vehicles leaving RSU1’s coverage, are
transferred to RSU> by RSU1. On the other hand, in the current time slot, data items are mainly
disseminated via V2V communication in RSU>’s coverage, because RSU> appoints Vs as a server-
vehicle and broadcasts the data item f to Vs, anticipating that V15 can serve the transferred requests

from other RSU.

B) Pure V2V communication out of RSU’s coverage

In order to provide the data service out of RSUs’ coverage with minimum transmission
collisions at client-vehicles, RSUs are expected to designate proper server-vehicles at the pertinent
timing. The server-vehicles are selected based on the information of transferred requests from other
RSUs and vehicles’ cache contents when the previous server-vehicle is expected to be moved more
than V2V transmission range after the server-vehicle designation. For the data service out of RSU’s
coverage, all server-vehicles and client-vehicles follow the three phases in Figure 3. Note that, a

server-vehicle provides the data service only for a client-vehicle driving in the opposite direction.

e Inphase (1), a server-vehicle broadcasts a WSA message, which is including an identifier
of a server-vehicle, the list of cache contents, and SCH information for the service, to

client-vehicles via CCH when the server-vehicle does not provide data service.
- 10 -
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Figure 3. Phases for Data Service out of RSU’s Coverage

In phase (2), a client-vehicle transmits a WSA including an identifier of request to the
server-vehicle as a response when the client-vehicle is aware that the server-vehicle can
serve one of the outstanding requests. After that, the client-vehicle tunes to the SCH that
the server-vehicle uses to provide the data service. If a server-vehicle detects the other
server-vehicle which is driving in the opposite direction and caching the data items
matching up to the outstanding requests, it follows the same steps. Note that, the server-
vehicle expecting to receive the data item will retune to the other SCH to provide data
service for a client-vehicle if the server-vehicle notices that the other server-vehicle is
providing the data service for other client-vehicle.

In phase (3), the server-vehicle broadcasts the data item, which is corresponding to the

first received WSA from the client-vehicle, through the SCH.

- 11 -



Note that a server-vehicle cannot transmit and receive data items at the same time. For instance,
in this time slot, V7 is transmitting e, so it cannot receive d from Vg even though d is required by

V7.

-12 -



IV. Proposed Algorithm

In order to provide the data service towards improving channel efficiency and implementing
workload offload, we propose a scheduling algorithm called Less Conflict Selection and Server-
vehicle Designation (LCSD), which coordinates 12V and V2V communications in the RSU’s
coverage by transforming the scheduling problem to the maximum independent set (MIS) problem
and designates a server-vehicle through the RSUs’ cooperation. As a result of LCSD, a service list
is generated, which consists of MIS and an identifier of data item to transmit to a designated server-
vehicle. In order to briefly represent the data sharing between vehicles and between a RSU and a
vehicle, the RSU and the vehicle are respectively abbreviated to R and V. Moreover, transmitting
a data item to a receiver is indicated with “sender”, “data item”, and “receiver” in the order named.

To name but a few, R1fV21 means R1 transmits f to V21 and V3eVy signifies V3 sends e to Va.

A) Problem transformation
In order to solve MIS problem, we adopt a greedy method. The detailed rationality of graph
constructing can be referred from [6]. Note that the major difference of this work in problem

transformation is that we consider different issues when constructing the weighted graph.

Services of data dissemination using 12V and V2V communications can be classified as
guaranteed service, unfeasible service, and potential service. Firstly, the guaranteed service is that
the service should be surely provided for the vehicle by RSU in any given situation. In other words,
the data service should be guaranteed, which is the data transmission from RSU to the designated

server-vehicle, and surely included in the service list. For example, 12V communication to transmit

- 13 -



the data item, corresponding to the transferred request, from RSU to the designated server-vehicle

(R2fV1s in Fig. 1) is included in the service list.

Secondly, the unfeasible service includes two cases: the first one is 12V communication, which
disturbs the transmission of data item to serve the transferred request from RSU to the designated
server-vehicle (e.g., R2cV11, R2bVi2, R2eVi3, R2gV14, and R2cVis when designated server-vehicle
is Vs and the data item to be transmitted from RSU to the designated one is f in Figure 1), and the
second one is V2V communication between the designated server-vehicle and its neighbor. (e.g.,
VisaVi7, V1aCVis in Figure 1) They are excluded in the service list because they interrupt the data

transmission from the RSU to the designated server-vehicle.

Finally, the potential service is related to a request which may be served either from the RSU
via 12V communication or from the neighboring vehicle via V2V communication without
interfering the data transmission from RSU to the designated server-vehicle. For example, if
receiving the same data item via 12V communication does not disturb the data transmission from
RSU to the designated server-vehicle, it is a potential service. (e.g., R2fV13 and every feasible 12V

and V2V communications in RSU1’s coverage in Figure 1)

Note that LCSD only considers potential services and guaranteed services.

1) Graph construction

The RSU coordinates 12V and V2V communications by transforming the problem of the
scheduling data dissemination to a graph model. The graph consists of a set of vertices and edges,

which is a non-directional graph.

- 14 -



In a graph, only the potential service is expressed as a vertex. It is represented by a circle with a

label which is associated with the sender, the data item to be disseminated, and the receiver

information. The sender or the receiver can be either a RSU or a vehicle. Therefore the vertices can

represent both 12V and V2V services in the transmission range of a RSU.

Each edge in our graph represents a conflicting relationship between two vertices. If there are

two of potential services not to be operated at the same time due to certain constraints, these services

are conflicted. Two vertices related to these conflicted services are connected via an edge. The

number of edges connected to a vertex means the conflict degree. Detailed constraints and

conflicting relationships are defined as follows along with examples shown in Figure 1.

If two vertices both represent 12V communications and they represent that the RSUs
broadcast different data items, they are in conflict with each other, because RSU cannot
broadcast more than one data item at a time. For instance, R1fV1 and R1bV3 have the

conflicting relationship with each other.

If one vertex represents 12V communication and the other one represents V2V
communication and the receiver of the former vertex is same with the receiver or
transmitter of the later vertex, then they are in conflict with each other. That is because
OBUs cannot receive and transmit the data item at the same time. In addition, the OBUs
canonly in 12V or V2V mode at a time. For instance, R1dV23 has conflicting relationships

with V22dV23 and V23fV1 respectively.

If two vertices both represent transmitting different data items via V2V communications
and the senders of both vertices are the same vehicle, then they are in conflict with each
other, because OBUs can transmit only one data item at a time. For instance, V23aV2, and

- 15 -



V23fV1 have the conflicting relationship with each other.

e |If two vertices both represent V2V communications and a sender of one vertex and a
receiver of the other are the same vehicle, then they are in conflict with each other, because
OBUs cannot be a sender and a receiver at the same time. For instance, V22dV23 and

V23aV22 have the conflicting relationship each other.

e Iftwo vertices both represent V2V communications and a receiver is a neighboring vehicle
of both the senders, then they are in conflict with each other, because data collision occurs

at the receiver. For instance, V2aV22 has the conflicting relationship with V23fV1.

Figure 4 shows how to transform potential operations to vertices. (a) and (b) are constructed

based on the received WSA message from the vehicles in RSU1’s and RSU>’s coverage respectively.
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(a) The graph constructed based on the potential service in RSU;’s coverage

2

(b) The graph constructed based on the potential service in RSU>’s coverage

Figure 4. An example of problem transformation
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2) Weight assignment and algorithm implementation

To serve as many requests as possible, it is expected to find the MIS of the graph. A greedy
method is adopted to approximately solve MIS problem. The general idea of such a greedy method
is recapitulated as follows. First, it selects a vertex with the maximum weight, and then it removes
this vertex and its neighbors. It repeats this process on the remaining graph until no vertex remains.
The selected vertices are included in the service list. LCSD intends to select a vertex which has a
less number of neighbors because the less eliminated number of the vertex i’s neighbors is, the more
the potential services are remained. Furthermore, to that end, it is considered to eliminate a lot of
the neighbors’ edges for reducing service conflicts. Based on the above mentioned concepts, we
assign the weight to each vertex by considering three factors. One is the number of vertex’s edges,
which is denoted by |Ei[, where Ei = {e;, e,, ..., einpry, } 1S S€t Of edges of the vertex i. NbrVi is the
set of vertex i’s neighbors, and |NbrVi| is the number of neighbors connecting to the vertex. This
factor represents the number of vertices to be removed in selecting the vertex. The second factor is

the average number of neighbors’ edges |E|, i.e., AN;, which is defined as

AN; = {nvI(vaerrVi Env)/IEiI}- 1)

AN; implies the conflict degree of neighboring vertices. Since the selected vertex i and its
neighbors are eliminated by greedy method, the more the value of AN; is, the more each neighbor’s
edges is eliminated. Therefore, the conflict degree of the remained vertices in the graph will be

generally decreased. The third factor is the sum of neighbors’ AN, i.e., SNA;, which is given by

SNA; = {nvl vaeNVi ANnv} : (2)

- 18 -



This factor complements the incompleteness of greedy method in terms of not guaranteeing
optimal solution. Therefore, LCSD considers the vertices which can be affected by selection of
vertex i and may be chosen as independent set later. SNA; means the conflict degree of each vertex
which is connected to all neighbors of vertex i. The less value of this factor helps to select a vertex
i towards less conflicts on the vertices connected to vertex i’s neighbors so that their neighbors can

be less removed when they are selected as the set later.
Given the above three factors, the weight of vertex i, W; is represented by

The higher value of W; represents the less amount of vertices to be eliminated by the greedy

method. (|e, elevlz 4, ANleVIZ 6, SNAleVIZ 202, WleVIZ - 182)

After the greedy method, the unserved requests transmitted by the vehicles which are leaving
the RSU’s coverage are transferred to the next RSU, as the cooperation among multiple RSUs.

After that, the RSU designates a proper server-vehicle based on the transferred request.

B) Server-vehicle designation
After receiving the transferred requests from the neighboring RSUs at every scheduling period,
RSU accumulates the requests in the service queue for a server-vehicle designation. RSUs are
supposed to designate server-vehicles whenever the latest server-vehicle is assumed to be passed
the distance of V2V range based on the average speed of vehicles within their coverage. To

designate a server-vehicle, the RSU nominates a set of candidate-server-vehicles, which are leaving
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the RSU’s coverage, and assigns a weight to each candidate. After that, the RSU designates a server-

vehicle, which has the highest weight among them.

Two factors are considered to assign the weight of server-vehicles. One is the number of cached
data items which can serve the transferred requests. The other is the total number of cached data
items. The weights of candidate-server-vehicles are denoted by CW(t)={cwi1, cwa,..., CWev)},
where |cv(t)| is the total number of candidate-server-vehicles at time t. Each weight is represented
by

cw; = a|CCT; ()| + BICD ()], (4)
where a and g are tuning parameters to differently weight between the available service of
transferred requests and the service capacity out of RSU’s coverage. To obtain cwi, first, the RSU
measures the service capacity of candidate-server-vehicle by checking the set of cached data items
of each candidate-server-vehicle, which is denoted by CDi(t) = {cd1, cdz,...,cd|cp, )}, Where
|CDi(t)| is the total number of cached data items of the vehicle i at time t. Second, the RSU inspects

the available services, the cached data items corresponding to the transferred requests, which is

denoted by
CCT;(t) = TR(t) N CD;(t) (5)

where the RSU can obtain the set of transferred requests from neighboring RSUs, which is denoted
by TR = {try, trz,..., trjrri}, where |TR| is the total number of transferred requests. The number of
CCTi(t)’s elements is denoted by [CCTi(t)|. (ie., TR = {j, f, f, b, a}, CCT, (¢t)={a, j},

CCTy,,(O)={h, d}, cwy, = 20+28, cwy, ;= a+2f)
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After designating the server-vehicle, RSU selects the hottest requested data item among the
transferred requests and transmits it to the selected vehicle if it has not yet cached this data item. If
the vehicle has already cached the data item, then the RSU transmits the second hottest data item.
After designating the server-vehicle, the RSU resets the queue and then it accumulates the

transferred requests until appointing the next server-vehicle.
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V. Performance Evaluation

The simulation model is built based on the system architecture presented in Section Ill, and it
is implemented by CSIM 19 [20]. We evaluate the performance with two types of traffic model,
the real traffic model and the Greenshield’s model, in order to show that LCSD is scalable in any
traffic condition, either light or heavy traffic. The road environment in simulation is a highway,

but it can be extended to a city street where the straight is long.

As the real traffic information, we utilize the next generation simulation (NGSIM) data sets,
which capture vehicle trajectories in every 0.1 second. One is U.S. Highway 101 (US-101) in Los
Angeles, California collected between 7:50 a.m. and 8:05 a.m. on June 15, 2005 [21]. The other is
Interstate 80 (1-80) in Emeryville (San Francisco), California collected between 4:00 p.m. and 4:15
p.m. on April 13, 2005 [22]. In each direction, there are 6 lanes on the road, except an on-ramp.

Because each data set contains the vehicle trajectory information regarding one way direction, we

TABLE 1. Simulation statics in scenario US-101

Time Period Flow Mean Speed
(vehicle / hour) (m / hour)
7:50 am — 7:55 am 9156 31.60
7:55am — 8:00 am 8820 26.60
8:00 am — 8:05 am 7560 25.59
Average 8612 28.06
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use the traffic mirroring which uses the same information to the opposite direction. The detailed

statistics are summarized in TABLE 1 and 2.

Greenshield’s model is one of the traffic models, which assumes a linear relationship between

the vehicle speed and the traffic density [23]. The vehicle speed (v) is represented by v = V/ —

Z—}; -k, where V' is the free flow speed (i.e. the maximum speed of vehicles) and K/ is the jam
density (i.e. the density leading to zero velocity of vehicles). k is the current density of vehicles on
each lane. In each direction, there are 3 lanes on the road, except an on-ramp and an auxiliary lane.
The default parameters are set as follows. The free flow speeds of the first, second and third lanes
are respectively set to v/ =120 "/, v =110 ", and v =100 “"/ and KI is set to 100 Ve,
We evaluate the performance in a wide range of traffic workloads, and the detailed statistics are

summarized in TABLE 3. The larger traffic volume level corresponds to the heavier traffic

workload.
TABLE 2. Simulation statics in scenario 1-80
Time Period (vehislle? \/Nhour) N(Irza;] hSopuer(;OI
4:00 pm —4:05 pm 6612 23.44
4:05 pm —4:10 pm 8364 22.13
4:10 pm —4:15 pm 7800 20.95
Average 7592 22.11
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TABLE 3. Simulation statics under different traffic scenarios (both directions)

Traffic Mean Arrival Rate (vehicle / hour) Mean Speed (km / hour)
Volume - - : :
Level First Second Third First Second Third
Lanes Lanes Lanes Lanes Lanes Lanes
1 1300 1200 1100 105.30 96.48 86.96
2 1600 1500 1400 99.20 91.99 84.02
3 1900 1800 1700 96.45 87.07 80.15
4 2200 2100 2000 92.06 78.91 73.11
5 2500 2400 2300 88.14 75.58 64.29

The distance between the two RSUs is set to 4 km. The RSU’s communication radius is set to
300 m and the OBU’s communication range is set to 150 m. The OBU can transmit PVVD message
to RSU through CCH in RSU’s coverage. The scheduling period is 1sec, which is reasonable
because the maximum transmit time for a full-size MAC service data unit (2312 octets) is
approximately 6.5ms [24] and 1 sec is enough for both computation and transmission time. The
specific description of the computation time of algorithm can be referred to APPENDIX B. The
database consists of 200 data items: map data of different spots, road condition, location-based
advertising, etc.. It is a reasonable size because some data items are dependent on locations and
different each other although they are used for the same content (e.g., map data item A, B, and C,
which represent the dissimilar areas, are categorized as the same content but they are different.).
Each vehicle generates 1 to 10 requests within every RSU’s coverage, and the data access pattern

follows the Zipf distribution [25] with the parameter 9=0.4. The threshold to designate candidate-
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server-vehicles is set to 255 meters away from the RSU. The tuning parameters « and S are set to

0.4 and 0.6 respectively.

We compare the proposed algorithm with MRF (Most Requested First) [26] and SFR

(Scalability, Fairness, and Robustness) [6]. MRF broadcasts the data items to serve the hottest data

item via 12V communication. SFR schedules data dissemination in a single RSU environment via

cooperative 12V and V2V communications. We evaluate the algorithm performance with the

following three metrics.

Total service ratio: This metric is to evaluate the channel efficiency and the workload
offload. The total data service ratio is determined by two parameters: the number of total

submitted requests (n¢) and the number of serviced requests (ns). It is computed by this

equation: % The higher service ratio implies the more efficient channel utilization and
t

the better performance on workload offload.

Average service time: This metric is to evaluate the service quality in terms of service
waiting time. For a request, its service time is from the instant when the request is
submitted to the time when the corresponding data item is retrieved. The average service
time of all the successfully served requests measures the responsiveness of the system.
The shorter average service time means the better service quality regarding the response

time.

Cold data service ratio: This metric is to evaluate the fairness of service, in terms of that
the pattern of data access follows the Zipf distribution. The cold data is a data item which

is infrequently accessed in a database, which is defined as having a data access probability
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less than — Where |D| is the number of data items in the data base. The cold data service

ratio is determined by two parameters: the total number of generated requests for cold data

items (n¢) and the number of served requests among them (nsc). To be specific, the cold

data service ratio is calculated with this equation: % The higher ratio implies the fairer

services are provided for the vehicles.

B The amount of served requests by server-vehicles

B The amount of served requests within RSUs' coverage
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Figure 5. Total Service Ratio in Scenario US-101
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Figure 6. Total Service Ratio in Scenario 1-80
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Figures 5 and 6 show the total service ratio of the algorithms in scenarios US-101 and 1-80,
respectively. The scenarios have different statistics in terms of mean flow and speed. US-101 has
a higher mean speed, so more vehicles pass the highway. X-axis represents the algorithms. Y-axis
denotes the service ratio. To be specific, the service ratio is divided based on the service area:
within RSUs’ coverage (by the hybrid of 12V and V2V communications) and out of their coverage
(by server-vehicles). As shown in the two figures, server-vehicles contribute to the considerable
data service, so that LCSD outperforms both SFR and MRF in all scenarios. The overall total

service ratio of the algorithms is higher in 1-80 since the vehicles stay longer in the RSUs’ coverage.
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Figure 7. Total Service Ratio in Greenshield’s model
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Figure 8. Service Ratio by Server-vehicle in Greenshield’s model

Figure 7 shows the total service ratio of the algorithms in the Greenshield’s model. X-axis
represents the traffic volume level represented in TABLE 3. Figure 8 denotes the degree of the
requests served by server-vehicles out of the total requests. Considering these figures, LCSD
outperforms both SFR and MRF in all traffic volume levels by means of server-vehicles. Namely,

LCSD has a better service ratio than SFR and MRF regardless the arrival rate or the average speed.
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Figure 9. Average Service Time in Scenario US-101
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Figure 9 and 10 show the average service time in scenarios US-101 and 1-80, respectively. X-
axis represents the algorithms. Overall, LCSD has less average service time than MRF and SFR,
which means LCSD provides services more quickly than the other algorithms. Note that LCSD
serves more requests than the other algorithms as shown in Figure 5 and 6. Therefore, it is non-

trivial for LCSD to achieve shorter service time at the same time.
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Figure 11. Average Service Time in Greenshield’s model
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Figure 11 represents the average service time in the Greenshield’s model. X-axis represents

the traffic volume level represented in TABLE 3. LCSD has a shorter average service time than

MRF and SFR in every level.
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Figures 12 and 13 show the cold data service ratio of the algorithms in scenarios US-101 and
I-80, respectively. X-axis represents the algorithms. Y-axis denotes the cold data service ratio,
which is divided based on the service area: within RSUs’ coverage (by the hybrid of 12V and V2V
communications) and out of their coverage (by server-vehicles). As shown in the two figures,
server-vehicles contribute to improve the service ratio, and LCSD has a better performance than

MRF and SFR algorithms, regardless the scenarios.
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Figure 14. Cold Data Service Ratio in Greenshield’s model

Figure 14 represents the cold data service ratio in the Greenshield’s model. X-axis represents
the traffic volume level represented in TABLE 3. Overall, LCSD has a slightly better result than
MRF and SFR in every level. However, the difference of service ratios between LCSD and SFR

is not as much as the difference value in Figures 12 and 13. This is because the number of lanes

on the road is different.
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Considering the above results, LCSD is scalable algorithms in terms of the total service ratio,
the average service time, and the cold data service ratio, because the patterns of the performances
are consistent in any traffic environment (e.g. US-101, 1-80, and various traffic volume levels

based on the Greenshield’s model).
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V1. Conclusion and Future work

In this work, we present the data dissemination system in vehicular networks based on the
cooperation among multiple RSUs. Specifically, we propose a data dissemination solution via the
hybrid of 12V and V2V communications in RSU’s coverage and a server-vehicle designation
strategy for the data service via V2V communication out of RSUs’ coverage. On this basis, we
further extend the solution to improve channel efficiency and offload workloads by transferring
unserved requests to peer RSUs, so that the peer RSU, based on its own particular service status,
may assign certain server-vehicles to assist the data service via V2V communication outside the
RSU’s coverage. Through a comprehensive simulation study, we verify that LCSD has the best
performance in terms of enhancing the service ratio, improving the service fairness, and reducing

the average service time.

In the future work, we will further investigate data dissemination problems in more
sophisticated situations, including real-time services, heterogeneous databases and the dependency
of multiple requested data items, etc. Meanwhile, the multi-hop V2V data dissemination is another

critical issue to be considered for further enhance the system performance.
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APPENDIX A

The formats of BSM and PVD messages are described in SAE J2735 message set dictionary.
A given J2735 message is the payload of the next lower layer protocol, e.g. the “WAVE short
message (WSM) data” field defined in IEEE 1609.3 [4]. Figure 15 shows the WSM packet format
[27]. The maximum size of WSM packet is 1.4 Kbytes. In our system, we do not add additional
information to the BSM. However, supplemental information, which is not defined in the message
set dictionary such as the lists of the cached data items and the outstanding requests and
information of neighboring vehicles, is added to PVD message. The WSM data size of PVD
including the full optional contents is about 220 bytes according to [4]. About 280 IDs can be
included in the PVVD message, considering the vehicle 1D size (4 bytes), transmission range (150m),
vehicle size (5m), and safe distance (10m). It is enough number so as to include the list of

neighboring vehicles in the PVD message.

The format of WSA is described in Figure 16. In our system, WSA contains diverse
information such as scheduling result, an identifier of a server-vehicle, and a list of cached contents
or outstanding request. Given that every vehicle cannot transmit or receive a data item within
RSU’s coverage because of the characteristic of wireless communication, it is reasonable to add

the additional information to WSA although many vehicles are within RSU’s coverage.

WAVE Short Message

AN
e h
1 4 Var, 1 2 Var,
WSMP
. Exi. WAVE WSM
Version PSID figlds element Length Data
ID

Figure 15. WSM packet format
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Figure 16. WSA packet format [27]
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APPENDIX B

The computation time of LCSD exponentially increases along with the growing number of
vertices or vehicles, which is represented in Figure 17 and 18. According to the figures, LCSD
cannot finish the scheduling within 1 second when the number of vertices is more than about 1000.
Given the computation time, the transmission ranges of RSU and OBU and the maximum number
of requests generated within RSU’s coverage need to be revised on the basis of the number of lanes
on the road in order to finish the scheduling in time. Note that the computation time represented
in Figure 17 and 18 is not accurate because each RSU and vehicle is controlled by each process on
the simulation (e.g., Two RSUs implement LCSD simultaneously). Therefore, it is expected to take

less time in the real environment.
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