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Abstract: By leveraging the 5G enabled ve-
hicular ad hoc network (5G-VANET), it is
widely recognized that connected vehicles
have the potentials to improve road safety,
transportation intelligence and provide in-ve-
hicle entertainment experience. However,
many enabling applications in 5G-VANET
rely on the efficient content sharing among
mobile vehicles, which is a very challenging
issue due to the extremely large data vol-
ume, rapid topology change, and unbalanced
traffic. In this paper, we investigate content
prefetching and distribution in 5G-VANET.
We first introduce an edge computing based
hierarchical architecture for efficient distribu-
tion of large-volume vehicular data. We then
propose a multi-place multi-factor prefetching
scheme to meet the rapid topology change and
unbalanced traffic. The content requests of ve-
hicles can be served by neighbors, which can
improve the sharing efficiency and alleviate
the burden of networks. Furthermore, we use
a graph theory based approach to solve the
content distribution by transforming it into a
maximum weighted independent set problem.
Finally, the proposed scheme is evaluated with
a greedy transmission strategy to demonstrate
its efficiency.

Keywords: content distribution; 5G-VANET;
edge computing; graph theory

I. INTRODUCTION

Connected vehicles are envisioned to bring
many benefits to current smart city devel-
opment and our society, including reduction
of traffic collisions, efficient transportation
managements and more enjoyable life [1],
[2]. However, to achieve these benefits, a sig-
nificant volume of data exchange and a large
amount of computing power are required.
Moreover, the required data for connected
vehicles are location-based and latency-con-
strained contents [3], [4]. For instance, the
high definition (HD) map contains three-di-
mensional location of all crucial aspects of
a roadmap (e.g., lane markings, crosswalks,
signs, barriers) and dynamic information
that facilitates driving (e.g., traffic snarls,
road conditions, accidents, lane closures) [5].
Therefore, the HD map has to be large volume
in order to present highly detailed static and
dynamic elements. In addition, before vehi-
cles travel to a region, the local information
of HD map needs to be updated periodically
in order to keep pace with the changing driv-
ing conditions. To efficiently transmit such
data, a deep integration among transmission,
storage and computing is needed. Tradition-
ally, transmission, storage and computing are
separately orchestrated and designed, for the
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ease of management [3]. Taking the cloud
computing as an example, the remote cloud,
which has a large amount of computing and
storage power, is responsible for computation
and storage; meanwhile, the network is solely
for data transmission between the cloud and
users. These separated resources fail to satisfy
the requirements on latency and quality of ser-
vice of connected vehicles. Edge computing
is emerged as a promising paradigm to deeply
integrate transmission, storage and computing
[4]. With edge computing, the communication,
computing, storage and control capabilities
are distributed anywhere along the continuum
from the cloud to things [5].

In 5G enabled vehicular ad hoc network
(VANET), which is referred to 5SG-VANET
[6], [7], by leveraging the edge computing
technology, a significant amount of computing
power will be distributed near the vehicles.
Therefore, a majority of data will be processed
and stored at the edge, which can reduce la-
tency and provide better quality of service
for connected vehicles [8]. By utilizing the
computing power at the edge, a better and
real-time scheduling over the caching and
transmission can be achieved. Furthermore,
the knowledge learned from various big data
help improve the content distribution efficien-
cy. In 5G-VANET, control over the vehicular
networks can be realized in order to schedule
an efficient content distribution, as the edge
has a significant amount of computing power
and can be aware of the context information
over the nodes within its coverage [9]. Con-
sequently, a deep integration among transmis-
sion, storage and computing is supported by
5G-VANET. Nevertheless, connected vehicles,
with distinguishing features such as rapid
movement, fast changing network topology
and low latency, have exponentially increas-
ing demands on data transmission, both for
quantity and quality. These requirements pose
several challenges to 5G-VANET. The first
major challenge is how to enable cooperation
among various communication modes, for ex-
ample, dedicated short range communications
(DSRC) and WiFi. These different commu-

nication modes have their own advantages
and disadvantages and should be orchestrated
to improve the network utilization [10]. The
second challenge is how to fully utilize the un-
balanced road traffic and heterogeneous social
attributes of vehicles. As the traffic on the road
is unbalanced, different areas have different
number of vehicles. Therefore, vehicles may
undergo a different network load and different
quality of service. The content could be pre-
fetched by vehicles in the areas with light traf-
fic, and then, the vehicles obtaining the data in
that area could serve as the data source when
they enter into an area with heavy traffic.
Besides, by cautiously choosing the vehicles
which have longer encounter time and higher
contact probability with other vehicles as data
source [11], a higher data sharing efficiency
can be achieved. The third challenge is how to
meet requirements on efficiency and latency.
For effectively addressing the three main
challenges, in this paper, we investigate the
research challenges for content scheduling in
5G-VANET from the perspective of network
operator. At first, a hierarchical architecture
is proposed based on edge computing for ef-
ficient distribution of large-volume vehicular
data in 5G-VANET. The proposed architecture
consists of two tiers. In the upper tier, the city
wide controller schedules the data caching
from the view of the network wide and coor-
dinates the resources of several marco base
stations, thus handling the unbalanced traffic.
In the lower tier, each marco base station
supports efficient cooperation among various
communication modes, which also enables the
content requests of vehicles being served by
neighbors. This cooperation can improve the
sharing efficiency and alleviate the burden of
networks. By carefully orchestrating the two
tiers, we then propose a multi-place multi-fac-
tor prefetching scheme to meet the rapid to-
pology change and unbalanced traffic. In our
proposed prefetching scheme, content can be
prefetched into both fixed infrastructures and
mobile nodes, considering social centrality
and routes of mobile nodes. Furthermore,
we adopt a graph theory based approach to

China Communications ¢ July 2018



solve the content distribution. We construct a
neighbor graph by aggregating the informa-
tion from vehicles, then, this neighbor graph
is transformed into a matched graph, which
can reduce the complexity. To further decrease
the computation overhead, the match graph is
divided into multiple subgraphs. The content
distribution is transformed into a maximum
weighted independent set (MWIS) problem
based on each subgraph and this problem is
addressed by a balanced greedy algorithm.

The remainder of this paper is organized
as follows. The recent literature on content
prefetching and distribution is reviewed in
Section II. Then, an edge-assisted content
sharing architecture in SG-VANET is proposed
in Section III. The details of research chal-
lenges are discussed in Section IV, followed
by potential solutions and their application
in Section V. Finally, the work is concluded
and future research directions are discussed in
Section VI.

II. LITERATURE REVIEW

Edge caching has been proposed recently to
achieve backhaul offloading and improve the
quality of services. Li ef al. [12] utilized col-
laborative hierarchical caching to effectively
improve the capacity of mobile networks.
Tian et al. [13] investigated the problem that
how the greediness and selfishness of indi-
vidual nodes impact cooperation dynamics
in VANETSs. They proposed a decentralized
self-organized relay selection algorithm based
on a stochastic learning approach. Poularakis
et al. [14] designed a mobility aware aching
policy for hyper-dense small-cell networks,
where the contact duration between users and
small-cell base stations is quite limited. In ad-
dition, Mauri et al. [15] proposed to prefetch
content at network nodes which can maximize
the probability that a vehicle retrieves the de-
sired content. Ji et al. [16] proposed a scheme
that randomly caches popular contents on
mobile devices and exploits device-to-device
(D2D) communications to share cached con-
tents. Cheng et al. [17] studied vehicular D2D

(V-D2D) communication and analyzed the
potential of VD2D in content distribution. Our
previous work [18], [19] proposed a software
defined network (SDN) inspired MAC (sdn-
MAC) protocol to manage vehicular network
resources. sdnMAC can adapt to the topology
change and varying density of vehicles. How-
ever, due to the sparse deployment and com-
munication coverage of roadside units (RSU),
these centralized algorithms suffer from poor
scalability.

Besides, these data sharing schemes are of
low efficiency, as they cannot make most of
the advantages of different communication
modes in the heterogencous 5G-VANET.
Besides, there also exist works that comple-
ment the VANET by other spectrum. Abboud
et al. [20] surveyed potential DSRC and
cellular interworking solutions for efficient
V2X communications and reviewed potential
DSRC-cellular hybrid architectures. Tian et
al. [21] investigated a robust energy efficient
solution for multiple-input multiple-output
(MIMO) transmissions in cognitive vehicular
networks. They designed an optimal MIMO
beamforming for secondary users, considering
imperfect interference channel-state infor-
mation. Zhou et al. [22] exploited TV white
space in heterogeneous connected vehicular
communication networks, and discussed white
space channel availability and characteristics
for vehicular communications. On the other
hand, some recent studies have investigated
the content delivery problem in heterogeneous
vehicular networks. Chen et al. [23] adopted
fog computing paradigm to implement soft-
ware defined vehicular networks. They devel-
oped a dynamic vehicular connection manage-
ment approach to achieve quality of service
guarantee. Considering the location-dependent
content delivery, Yuan et al. [24] relied on
the selected influential vehicles to effectively
migrate cellular traffic to vehicular networks.
Gu et al. [25] developed a content sharing
approach in D2D based LTE-V2X networks.
They jointly consider the data diversity and
link quality when scheduling the V2V and V2I
link. Liu et al. [26] proposed a cooperative
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data scheduling method in hybrid vehicular
networks by solving a MWIS problem. Zhou
et al. [27] proposed a cooperative data down-
loading schemes, by properly selecting the
appropriate vehicles to form a linear cluster on
the highway.

In this paper, we consider cooperative
context aware networking in edge computing
assisted 5G-VANET. Such a heterogeneous
network, with different communication modes
(cellular and DSRC), different caching ability
and different computing resources within each
nodes, they should cooperate to enable effi-
cient data sharing. We decouple the context in-
formation sensing and the data dissemination,
by adopting SDN concept. The cellular link is
applied to collect context information while
the DSRC is used to disseminate data among
neighbors. This paper analyzes the charac-
teristics of cooperative data sharing in such
scenario, and designs a robust and efficient ap-
proach for context aware networking, enabling
effective cooperation.

III. THE ARCHITECTURE OF EDGE
COMPUTING ASSISTED 5G-VANET

Currently, most computing infrastructure and
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software models are in a fully centralized man-
ner, where the shared pools of configurable
resources (e.g., computer networks, servers,
storage, applications and services) are central-
ly operated, for the convenience of manage-
ment, coherence and economy of scale. This
fully centralized manner can hardly meet the
requirements on latency, massive connections
and massive transmissions. Decentralization
is needed for these shared resources, which
are distributed along the continuum from the
cloud to things, that is the edge computing.
Although the edge computing is a system-lev-
el horizontal architecture, it cannot be fully
distributed. Decentralization is needed but
centralization is also in demand, as decentral-
ization can provide lower latency, higher ca-
pacity and scalability, while centralization can
support better efficiency and flexibility.

Based on above considerations, we propose
a hierarchical architecture of edge computing
assisted vehicular content sharing, as shown
in figure 1. As the resources of computing,
communication, storage and control are dis-
tributed anywhere along the continuum from
the cloud to things, the resources distribute
over all nodes under this architecture. How-
ever, the nodes are heterogeneous and have
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Fig. 1. A4 hierarchical architecture of edge computing assisted vehicular content sharing.
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different capabilities of storage, computing
and networking. These nodes should cooperate
with each other to make full use of resources
and improve the data sharing performance.
In addition, cooperation is also needed for
optimally choosing different communication
modes in heterogeneous VANETSs. To enable
efficient cooperation and content sharing, the
proposed architecture has two control and
management tiers for coordinating the network
resources and, in each layer, the control node
can be SDN enabled. This two-tier control ar-
chitecture which enables efficient cooperation
among various communication modes, can
fully utilize the attributes of unbalanced traffic
and social interconnection, and can improve
the data sharing performance.

For specific, the lower tier is macro base
station (MBS), which has a comparatively
smaller area. The MBS manage the small-cell
base station, RSU, vehicles and WiFi nodes
within its coverage. This tier supports efficient
cooperation among various communication
modes, for example, the cellular link can be
used to collect and transmit control informa-
tion (similar to control plane in SDN), as this
information has the characteristics such as
wide coverage and unicast. Meanwhile, the
DSRC and WiFi are better for content trans-
mission, which are scheduled by the MBS. Ac-
tually, this is the efficient cooperation among
the MBS, RSU and vehicles. The MBS, which
has global network information over relatively
broader area and large computing power, is the
best place for algorithm execution. Whereas
the RSU and vehicle, which enjoy a high data
rate connection with neighbors, can be best
used to serve neighbors’ content requests. In
the higher tier, a citywide controller (CWC)
schedules the data caching from the view of
the network-wide and coordinates the resourc-
es of several marco stations. For each MBS,
the real-time traffic can be easily collected
through the cellular communication. Conse-
quently, the CWC can easily get the real-time
traffic and data requests, by aggregating the in-
formation from these MBSs. Furthermore, the
history traffic traces, social connection data,

and traffic management data can be utilized to
assist the caching. Using the knowledge mined
from these big volume and multi-dimensional
data, the network operator could predict the
network congestion status and vehicle social
centrality. Based on this information, the CWC
could make more comprehensive decision on
data prefetching.

The proposed architecture elaborately
orchestrates the data prefetching and coop-
erative data sharing, which are two effective
ways to alleviate the burden of the networks.
In the proposed architecture, the data will be
pre-fetched to the RSU or the vehicles with
higher social centrality. After the prefetching,
the RSU and these selected vehicles can act as
the source of the data. The content download
request can be served by neighbors, not nec-
essary by base station (BS). The data dissem-
ination takes place among RSU and vehicles
and is scheduled by the MBS, which alleviates
the burden of cellular networks, both for core
networks and access networks.

IV. KEY RESEARCH CHALLENGES

5G enabled vehicular applications rely on the
efficient content sharing among mobile vehi-
cles. However, it is very challenge to achieve
efficient content sharing due to the extremely
large data volume, rapid topology change, and
unbalanced traffic. In this following, we will
discuss in detail the content prefetching and
content distribution challenges in edge com-
puting assisted 5G-VANET, respectively.

4.1 Content prefetching in edge
computing assisted 5G-VANET

Content prefetching is a performance optimi-
zation tactic in which the content that might
be accessed by the vehicles is downloaded in
advance. Therefore, content prefetching can
reduce the network resources consumed as
well as the access latency perceived by vehi-
cles. Content prefetching in VANET has its
unique features and challenges. Vehicles are
highly mobile and their trace are constrained
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by the road topology [28], which may deterio-
rate the unbalanced traffic, resulting the unbal-
anced network resources utilization. Besides,
there exist various perfect places for content
prefetching. Specifically, the performance may
be influenced by many factors, which further
complicate the prefetching.

A flexible and network-wide strategy is
needed for content prefetching. Vehicles are
fast moving, reaching the speed of 200 km/h.
Therefore, vehicles may rapidly switch among
many different BSs and the dwell time on each
BS may vary dramatically. The dwell time is
influenced by many factors, such as, the road
attribute (road capacity, speed limits, traffic
lights), traffic congestion, and so forth. Anoth-
er problem is unbalanced traffic. Various fac-
tors have influence on traffic, i.e., peak hours,
traffic accidents, traffic controls. The unbal-
anced traffic leads to unbalanced network re-
sources utilization, where the network may be
congested or even paralyzed in a dense traffic
scenario and the network is idle under a light
traffic scenario. Therefore, the unbalanced
traffic and the different dwell time deserve a
flexible and network-wide content prefetching
Strategy.

A multi-place multi-factor strategy
is required for content prefetching. The
5G-VANET is heterogeneous, one reason is
that nodes have different capacity of storage
and computing power. Furthermore, each node
has its own social attribute and journey prefer-
ence. Therefore, the fixed infrastructure such
as RSU, WiFi and the vehicles have a high
social centrality or have a suitable travel route
can be selected as the place for prefetching.
When we choose the places for prefetching,
a lot of factors should be taken into consider-
ation, for example, the point of interest (e.g.,
petrol station, restaurant), where the vehicle
may have longer dwell duration, road topol-
ogy, and the variation of traffic. Therefore,
the network operator needs a multi-place
multi-factor strategy for content prefetching.

Although various prefetching strategies
have been proposed, for example, least recent-
ly used, least frequently used, and the most

popular, they are of low performance and can
not meet the requirements on latency and re-
al-time of data distribution.

4.2 Content distribution in edge
computing assisted 5G-VANET

Once the content is prefetched at the selected
nodes, the MBS should schedule the content
distribution according to requests of vehicles.
Each vehicle will request a lot of data, and
these requested data can be transmitted by
utilizing several communication modes, i.e.,
cellular, DSRC and WiFi. From the perspec-
tive of network operator, it should try its best
to meet all the requests by properly scheduling
the content sharing through various commu-
nication modes. For each vehicle, the request
can be satisfied by cellular link, DSRC, or
WiFi channel. Therefore, these communica-
tion modes should cooperate with each other
for better utilization of network resources.
In most content sharing strategies, each link
can transmit only one data item at a time for
simpleness. As the capacity of different links
is different, many data items can be dissemi-
nated by a high capacity link at a time. There-
fore, taking the difference in link capacity
into consideration, vehicles can disseminate
multiple items at a time to improve the effi-
ciency. On the other hand, the consideration
of link capacity would increase the scheduling
complexity, because the content needs to be
divided into more items and multiple combi-
nations of items can be disseminated by each
vehicle. This complexity in computing and
the improvement on efficiency should reach
a matching point. Another way to decrease
the scheduling complexity for the MBS is to
split the region into multiple segments. As the
number of nodes in each segment is small, the
scheduling complexity will be greatly reduced.
In [29], the road is divided into segments geo-
graphically and the algorithm is processed in
each segment. However, such geographic split
over the region would bring interference to
other segments. Actually, a smarter segmen-
tation scheme should be adopted to split the
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region, which will decrease the computing
complexity without degrading degrade the
performance.

V. POTENTIAL SOLUTIONS AND
APPLICATION

In this section, we first present potential solu-
tions to the above-mentioned research chal-
lenges, which include the content prefetching
and the content distribution through vehicular
networks. Then, we evaluate the proposed
solutions in NS3 and Simulation of Urban
Mobility (SUMO).

5.1 Content prefetching based
on machine learning in edge
computing assisted 5G-VANET

A network-wide multi-place multi-factor strat-
egy is needed for content prefetching. We first
need to predict the network wide traffic varia-
tion, then decide prefetching places, consider-
ing multiple influencing factors.

In future VANETS, the trace of each vehi-
cle can be collected. By mining the historical
trace data, we could obtain the preference of
the driver. Using driver preference, combined
with road topology and navigation informa-
tion, we can predict or obtain the travel jour-
ney of vehicles. Then, based on the real-time
speed and position, the traffic distribution can
be predicted. Machine learning is very promis-
ing for the task of prediction both for the trace
and for traffic situation. Therefore, we know
the set of vehicles that will pass through each
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Fig. 2. The graph based content sharing for MBS.

(b) Directed matched graph

MBS, then, we can prefetch the corresponding
data for these vehicles in advance. Further-
more, the network operator would offload the
content to a less congested BS, to alleviate the
burden of congested BS. For example, a BS is
predicted to be congested when a vehicle pass-
es through it, then, the content for that vehicle
can be prefetched in the previously associated
uncongested BS. Thus, the vehicle can obtain
the content before it enters the coverage of the
congested BS.

The content can also be prefetched into
moving nodes. For example, in the above ex-
ample, a vehicle will pass through a congested
BS. Actually, we could prefetch part of data
into the vehicle, when it enters the congest-
ed area, the vehicle can serve some content
requests through the DSRC. Therefore, the
vehicles whose routes have a wider coverage
over the road should be selected as the place
for prefetching. The reason is that the vehicle
whose route covers a wider coverage can serve
the data requests of more nodes. To better im-
prove the efficiency, the social connection of
vehicles should be taken into consideration.
The vehicles which have higher social central-
ity should be selected, where the social means
a direct communication by DSRC or WiFi. A
higher social centrality means a higher contact
possibility with other nodes, which can dra-
matically improve the dissemination speed.

We could prefetch popular content to macro
base stations (MBS) based on real-time pre-
dicted traffic flow, which is shown in figure 3.
The procedures are as follows: 1) Data crowd-
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Fig. 3. Prefetch popular content to macro base stations based on machine learn-

sensing. At first, a large number of sensors,
e.g., the various sensors mounted on vehicles,
the camera at the roadsides, the inductive
loops, the hands-on devices of passengers,
etc., will participate in sensing the traffic.
These sensors will generate large-volume and
heterogeneous data. 2) Data process at mobile
edge server (MES). Transmitting these data
into remote cloud for processing would con-
gest the backhaul network and induce longer
latency. As a consequence, these data will be
processed and analyzed at the MES and only
the necessary results will be transmitted into
remote cloud. 3) Predict the traffic situation
and schedule the load balancing at the remote
cloud. We need to realtime construct the traf-
fic situation, which requires the sensed traffic
information from all over the city. Therefore,
each MES is required to upload the processed
results to the remote cloud, then, the traf-
fic situation can be real-time obtained and
updated in remote cloud. Consequently, we
could predict the traffic situation. Afterward,
the remote cloud balance the large scale load
based the predicted situation. 4) Data caching
at the MES. MESs cache the data based on
the predicted traffic situation. Consequently,

target vehicles can download the required
data in a less congested network since their
interested data are cached in advance. Based
on the predicted traffic, we could balance the
load for MESs. As shown in figure 3, there
exist two adjacent MESs, MES1 and MES2.
Based on the predicted traffic situation, MES2
will experience a higher load as there will be a
large number of vehicles accumulated within
the coverage of MES2. These vehicles could
request more data transmission, which might
exceed the overload and lead to a poor quality
of service (QoS). The target vehicles that will
passing from MES1 to MES2, can choose to
download the interested data in MESI1, expe-
riencing a better QoS. A part of vehicles have
already obtained their interested data when
they arrive at MES2. Consequently, other ve-
hicles in MES2 also experience a better QoS.
Therefore, we need to pre-cache the interested
data for the target vehicles in MESI in ad-
vance.

5.2 Content distribution based on
graph theory in edge computing
assisted 5G-VANET

After the content is prefetched, the MBS
should efficiently schedule cooperative con-
tent sharing. We consider the V2V and V2I are
proceeded in the same service channel. The
reason of such consideration is that the service
coverage of RSUs is small, which is due to the
expensive deployment of RSUs and the small
communication range (300 - 1000 m) [30].
Therefore, it would be of low efficiency for al-
locating a sole channel to V2I communication.
The cellular link is mostly unicast and very
expensive, while the DSRC communication
is short range and specially for services in
VANETS. Based on above considerations, we
propose a three-phase content sharing schedul-
ing mechanism, which is achieved by efficient
cooperation between cellular and DSRC [19],
efficient cooperation between V2V and V2I,
and efficient cooperation between computing
and communication. This three-phase mecha-
nism is introduced as follows:
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Phase I: All the nodes are set to the DSRC
mode and broadcast their beacons, so that each
node is able to identify the list of its neigh-
bors. A node can recognize the set of nodes
with which it can transceive content and the
corresponding channel capacity, by measuring
the signal-to-noise ratio of the beacons [31].

Phase II: All the on-board units (OBU)
communicate with MBS through the cellular
link. Specifically, each vehicle informs the
MBS with its updated information, including
the list of its current neighbors, the channel
capacity of each neighbor’s link and the iden-
tifiers of the cached data items and un-cached
data items. After all the OBUs update their
information to MBS, these requests will be
scheduled in an centralized manner. Based on
the scheduling algorithm, the decisions are an-
nounced via the cellular link. This information
is transmitted through the cellular link due to
following reasons. On the one hand, RSUs
have a shorter communication range and can-
not cover entire roads, while the cellular link
has a wider coverage. The data dissemination
can be processed even without involvement of
RSUs if transmitted by cellular links, which
means that all OBUs should inform the MBS
with their updated information and the sched-
uling decisions should be delivered to all re-
lated OBUs. On the other hand, this updated
information is unicast, which is quite fit for
cellular links.

Phase III: Each node obtains the requested
content items from their neighbors by V2I or
V2V communication based on the scheduling
decisions. Multiple instances of content dis-
semination may take place simultaneously in
this phase.

Based on the three-phase mechanism, we
propose a graph based approach to efficiently
schedule the data dissemination. To give an
overview, we first present the basic idea of the
proposed graph theory based content distri-
bution. An undirected neighbor graph will be
obtained by aggregating the received infor-
mation at the MBS. Then, this neighbor graph
is transformed into a directed matched graph.
This matched graph is further divided into

multiple subgraphs. We construct a conflict
graph for each subgraph. The content sharing
is formulated as finding the MWIS problem
in the constructed conflict graph. Finally, a
greedy algorithm is proposed to solve this
problem.

The content is divided into / items denoted
by D={d,,d,,---,d,} that are all of the same
length C,. We suppose the channel is sym-
metric. The channel capacity can be calculated
by:

C,; =Wlog(1+SINR, ), (1)
where W is bandwidth and SINR, ; is the
signal-to-noise ratio (SINR) between node N,

and N,, N,,N, € N, N is the set of nodes on

the roads.

To further improve the efficiency, multiple
items can be transmitted on each link at each
scheduling period. Therefore, the maximum
number of data items that can be transmitted
between N, and N, is denoted by M, ; in the

scheduled period 7, which can be calculated

by:
c.h
Mi,j:{é Ja (2)

0

where | b | is the maximum integer that less

than b. By integrating the updated informa-
tion from both OBUs and RSUs, the MBS
node can transform this information into an
undirected neighbor graph G, =(V, ,E,), as
illustrated by figure 2(a), where the vertexes
are the set of nodes on the road, ¢, is the set
of cached items, g, is the set of uncached
items, and weight of the edge between N, and
N, is M, . Based on the constructed graph,
the scheduling algorithm needs to find out: the
set of nodes to transmit; and the set of data
items that will be transmitted for each sender
node.

1) Directed matched graph: For each sender
N, we denote the set of possible transmitted
data items by /mt,. Each transmitted items
imt! (€ Imt,) should be mathched with S,
and M, ;. As illustrated by figure 2(a), for link

N, > N, a,n B, =0, this link is futile, as
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no valid data items can be transmitted, which
is due to the unmatching between imz, and ;.

As for link, M,, =3, while |a,|=1, there-
fore, |imt, | should not be greater that |, |,
the actual maximum number of data items can
be transmitted from N, to N, is 1. By cor-
recting the unmatching in G, =(V,,E,), we
could transform G, into a directed matched
graph G, =(V,,E,). The vertexes in G,
are the same with G,, while the weight of
(N,,N;) € E, is maximum number of valid
items MV, ; that can be transmitted, which can

be calculated by:
uy - 0 agnp =C%or(N,N)¢E,
Y min{| e, |,M, ;} Otherwise.

A3)

Therefore, a directed matched graph G,
can be constructed.

2) Graph split: By transforming the G,
into G,, a lot of impractical transmissions can
be removed. The larger size of the neighbors
graph, the higher complexity of the data shar-
ing problem. Therefore, to further reduce the
scheduling complexity, the matched graph can
be divided into multiple subgraphs. This par-
tition divides the graph G, into multiple sub-
graphs, such that the subgraphs are of about
the same size and there are few weighted
connections between the subgraphs [32]. As
illustrated by figure 2 (c), the graph G, is di-
vided into two subgraphs, subgraph 1 and sub-
graph 2. These two subgraphs have nearly the
same size and the total weight of connections
between these two subgraphs are very small.
Compared to the geographic split [29], this
split is of higher efficiency. The reason is that
this graph based split takes the data requests
into consideration and can make the number
of nodes for each subgraph more balanced.

3) Conflict graph: Based on this refined di-
rected matched graph, we further transform it
into a conflict graph G, =(V_,E.), where the
interference and communication constraints
are indicated by the edge. For a node N, in the

graph G, the set of neighbors is denoted by

Q(N,,G), which can be calculated by:

Q(N,,G)={N,|WE,, >0,N, e N}, 4
where WE, ; is the weight for the edge
N,—— N, for the graph G. imt; (€ Imt,)
should satisfy the following conditions:

imt, C a,
{| imt; |e{MV, ;| N, e Q(N,,G,)}. )

For each imt, ( €Imt), only the set of
neighbors whose channel capacity are greater
than or equal to |imt, | could successfully
receive the transmitted data items. This set of
neighbors is denoted by RS(imt;), which is
calculated by
RS(imt,) ={N, | MV, , 2[imt,|,N, € Q(N,,G,)}.

(6)

As shown in figure 2 (c), for
N,, the neighbors are {N,,N,} .
imt, c{d,,d,} and |imt,|e{l,2}, there-
fore, Imt,={{d,.d;},{d,}.{d;}} . For
imty ={d,,d,} , only N, can successfully
receive the transmitted data items, that is,
RS(imt))={N,} . As for imt, ={d,} , both
N, and N, can successfully receive the trans-
mitted data items, that is RS(imt)) = {N,,N,} .

A tentative transmission (TT) consists of
three indispensable parts: a sender node N,,
transmitted data items imt, ( € Imt,) and a re-
ceiver node N, (€ RS(imt,)), imt; "\, # D,
which can be denoted by N,—=“—N,.
For example, for N,, imt’ ={d,,d,},
RS(imt’) = N,, there exists a TT, which is
N, —&4 5 N whileif |imt! |=1, there exist
three TTs, that are N, — N, , there exist three
TTs, thatis N, —“ 5 N,, N, —%4L 5 N, and
N, —%l 5N,

Different TTs may be in conflict with each
other due to the following constraints on data
dissemination: each node can broadcast only
one data items at a time (Constraint 1); a node
cannot be both the sender and the receiver
in the scheduling period (Constraint 2); data
should not collide at receivers (Constraint 3).
The corresponding three rules for identifying
conflicting TTs, which are introduced as fol-

10
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lows:
Constraint 1: Two TTs N,—"—>N
and N,—"2>N ,, imt,,imt, € Imt, and

N, #N

if imt, #imt,,,

> this means that N,
broadcasts two different data items simultane-
ously, which is impossible to come true. For
example, N, )y N, and N, SEECIERN N,
are in conflict with each other.
Constraint 2: Two TTs N, —— N, and
imt,

N,—=>N,, imt, €lmt,, imt, € Imt,,
if Ny=N,, or N, =N

- 1 » this means that

the node (N, or N,,) acts as both the sender

and the receiver simultaneously. For example,
N, %24 s N and N,—% 5N, are in
conflict with each other.

Constraint 3: Two TTs N, —— N, and
N,—"2 5N, imt, €lmt,, imt, € Imt,

j2 2

if N,eQN,,G,) or N,eQ(N,.G,),

il »

these two TTs are in conflict with each other
because data collision happens at one of the
receivers. For example, N, —%“» N, and
N, —% 5 N, are in conflict with each other.

For each TT N,—"—>N,, the set
of valid data items can be received is
imt; N JB;, which is denoted by V, (imt,).
For example, for TT N, %24 N
Vs,z({dl’dz’dz}) ={d,,d,,ds;n{d,} ={d,} .

Based on each subgraph G,, we could con-
struct a conflict graph G,.. The constructing
procedures are as follows: 1) For each node
N, in G,, find the Imt, by (5) and all the
receivers RS(imt;) by (6) for each imt,. The
TTs for N, are N,—"—>N,,imt,\f3, # D,
imt; € Imt; and N, € RS(imt,) . Create a
vertex for each TT. 2) Set the weight of each
vertex N,—"—>N, to |V, (imt)|. 3) For
any two conflicting TTs, add an edge between
the two corresponding vertexes. Through the
above three procedures, the corresponding
undirected conflict graph can be constructed
from G,. The conflict graph of Subgraph 1 is
illustrated in figure 4.

4) Content sharing scheduling

Based on the constructed undirected con-
flict graph (G.), we could reformulate the
cooperative data sharing problem as a MWIS
problem. For the constructed weighted graph
G, . =(V,,E.), where V, is the set of vertexes
and E, is the set of edges. Each vertex is as-
sociated with a weight, which is [V, (imt,)|.
The MBS node needs to improve content shar-
ing efficiency, maximizing the total number of
valid items can be received. This is equivalent
to find the MWIS X * on the conflict graph
G,. For VX cV,, F(X*)2F(X), where
F(X) is the total weight for the vertex set X.

A greedy method presented in [33] is ad-
opted to approximately solve MWIS, which
is Greedy-MWIS. This greedy algorithm

Algorithm 1. The algorithm of BMWIS.

Input: The set of sender nodes S and corresponding transmitted data items im¢,,

which is obtained by Greedy-MWIS algorithm.
1: while N, in S do

2 Obtain the set of receivers a for N,.

3 Get the set of cached data items ¢, for N,.
4 Create a map Result (<int, double>)

5: while d; in ¢, do.

6 a«—f(a,d)

7 Add < d,, a> into Result

8

9

end while

> loop for each sender

> loop for each data item

Select top |im¢, | data items from Result according to balanced rate.

10: imt, « selected |imt, | data items
11: end while

Fig. 4. Undirected conflict graph of subgraph 1.

Constraint 2

—— . Constraint 3
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Fig. 5. Simulation map.

operates as follows. First, it computes the val-
ue of w(t,)/(d(t;)+1) for each vertex ¢ in
G, where d(t,) represents the degree of ¢,.
i With the

maximum value of w(z,)/(d(t,)+1). Third,

Second, it selects the vertex ¢

it updates G. by removing the set of vertex-
es RE(t ,...)» where RE(t,.,) contains

t.eed And all of its adjacent vertexes. Fourth,

S

it repeats the above operations until there is no
vertex remaining in G, . These selected vertex-
es make up a feasible independent set. Prop-
osition.1 gives the lower bound of Greedy-
MWIS [33], which proves the feasibility of
this algorithm.

Proposition1 Greedy-MWIS out-
puts an independent set of weight at least

D wiu)/ (d(u,)+1).

eV,
We denote the weight of a maximum in-
dependent set of graph G by «(G). For an
independent set algorithm A, A(G) is the
weight of the solution obtained by 4 on graph
G . The performance ratio p(A4) of A is de-
fined by:
A(G)
a(G)

where inf'{a} is the infimum over a.

p(A) =inf{

5 ()

The performance ratio indicates the ef-

ficiency of an algorithm. The efficiency of
Greedy-MWIS can be ensured by Proposition
2 [32].

Proposition 2 p(Greedy — MWIS) =1/ A(G.),
where A(G.) is the maximum degree of graph
G..

The requested popular content is of large
size, and, with the mobility of vehicles, each
vehicle will request new popular content. For
example, when each vehicle arrives at a new
location, it may need the parking informa-
tion and the high definition map for that area.
Therefore, the scheduling algorithm should
be executed periodically. The scheduling de-
cision in current time slot may have influence
on future scheduling. For example, if cached
data items between node N, and its neighbors
Q(N,,G,) are the same, then no data can be
shared among these nodes. The reason is that
the distribution of data items is unbalanced.
The balanced rate for the set of vehicles
a caching the set of items u is defined as

f(a, u), which can be denoted by:
flaw=7% > D eWN,.d), ®

Niea N;eQ(N,.Gy) dyep
where g(N,,d,) is defined as:
g(Nj’dk): Z ld, "B, | )
N,eQ(N;.G,)

After the Greedy-MWIS has decided the set
of sender nodes and corresponding transmitted
items imt,, we should replace the transmitted
items imt, with the set of data items imt,
that has a higher balanced rate, which can be
denoted by:

imt, = argmax,,, _,,, f(a,imt,). (10)

At the same time, this set of data
items can not reduce the number of
valid data items can be received, i.e.,

DV, (imt,)|< DV, (imt])|. For example,

Njea Njea

the RSU cached all the data items, while the
vehicles cached very small number of data
items. At the beginning of the scheduling, the
RSU may have a lot of data items to be dis-
seminated into vehicles. The imf, may not be
unique, while imt," is the set of data items that

has the highest balanced rate. This algorithm

12
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is termed as BMWIS, which can improve
the solution obtained by Greedy-MWIS. The
pseudo code of BMWIS is shown in Alg.1.
After the independent set X of V, is de-
rived, we could easily get: 1) The set of sender
nodes is U N,. 2) The set of data

(N, —™>N)eX
items that will be transmitted for sender node
N, is imt,. This content sharing algorithm
should be executed periodically by the CWC
node to support efficient and sustained cooper-
ative data dissemination.

The proposed scheduling algorithm, which
is called CDEC, for cooperative data dissemi-
nation in edge computing assisted 5G-VANET.
CDEC maximizes the total number of re-
ceived valid data items, enabling cooperative
data dissemination between RSUs and OBUs,
cooperation between cellular communication
and DSRC communication, and cooperation
among communication and computing. CDEC
is proceeded with the following steps:

Step 1: Construct the undirected neighbor
graph G,. By integrating the updated con-
text information, including the list of current
neighbors, the channel capacity of each neigh-
bor’s link and the identifiers of the cached and
un-cached data items, G, can be constructed
in the MBS.

Step 2: Construct the directed matched
graph G,. By matching the imz, with S, and
M, ; for eachlink N, > N, in G,, G, can be
constructed.

Step 3: Partition the G, into multiple sub-
graphs ( G,).

Step 4: Construct the undirected conflict
graph G, based on each subgraph G,. For
each node N, in G,, obtain all TTs Imt,

and the weight of each TT (\V,.,].(imtl.)|),
imt, € Imt,. Add an edge if two TTs are in
conflict with each other, according to the con-
straints.

Step 5: Solve the MWIS problem on the
constructed conflict graph. Then, it selects a
subset of TTs X based on BMWIS.

Step 6: Construct scheduling results from
the selected subset X'. The RSU and OBU dis-

seminate the data according to the scheduled
results.

5.3 Performance analysis

To verify the performance of the proposed al-
gorithm, the simulation is conduct on SUMO
and NS3. We make realistic assumptions on
the channel model for the cellular links. As for
the DSRC communication, the communication
quality is highly affected by severe shadow-
ing in VANETs [34]. Therefore, we assume
the communication link exists only between
vehicles with a LOS, or equivalently between
“neighbors” [31]. In the scheduling period,
we adopt the Rician model for small-scale
fading with the propagation loss factor n=4.

1.2 T T i i I
/R I A I SR N -
2 I/ \ \ | |
Fos b — A— - — 4 - — 4 —
n
% /) | | | |
BOE e — = — — — — = — — = — — — —
2 A \ \ | | |
o . — -
© 04 4 _ L — _ ' '
R / | — | | BMWIS
14 .
02— 1+ — — | — 4 | Greedy-MWIS
| ‘ ‘ —— Random-greedy
0 T T T T T
1 16 31 46 61 76 90

Time / Scheduling periods

Fig. 6. Ratio of possessed items.
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The channel capacity between any two nodes
N,,N, e N at the scheduling period, is then
given by

- {Wlog2 (1+n| A d*), LOS exists

Y 0, otherwise
where d, ; is the distance between node i and
node j, 7 is the SINR at transmitters, W is
the channel bandwidth, and /% is the Rician
channel gain.

We assume that the content is prefetched
into the RSU or vehicles. This graph based
scheduling is compared with a greedy
non-cooperative approach (Random-greedy)
and Greedy-WMIS, in which each node N,
broadcasts the data items which ensure that
maximum of valid data items can be delivered
as long as the channel is detected to be unoc-
cupied. The simulation map is illustrated by
figure 5, which is generated by SUMO. We
adopt the line of sight channel model [29] for
DSRC links and make realistic assumptions
on the channel model for the cellular links,
the capacity for each link is calculated by (1).
The content has size of 100 M. The maximum
communication range for DSRC is 100 m .

Figure 6 shows the ratio of total possessed

items when the number of nodes is 200, which
is Z |e;1/200/1 in each scheduling period.

N;eN
The proposed scheduling algorithm BMWIS
enjoys the highest speed in disseminating all
the data items, as the requests can be satisfied

1 a0 ] ! : 2
[0 N ~ A M. - »/
1 sz'\' e .\7_\4\,\]14\74\:&/&_ AL NS LA
VoY TE
Jpe=====s mmm--- == BMWIS -
N | |--- Greedy-MWIS | |
{7 : ]
_H.J,”,:lt ,,,,, 4---| — —Random-greedy| - - - - - - -
N : : :
1 16 31 46 61 76 90

Time / Scheduling periods

Fig. 8. Number of transmissions in each scheduling period.

quickly. As for the Random-greedy algorithm,
transmitting all the requested data items can-
not be fully accomplished at the end of the
simulation. This is due to the fact that heavy
interference among neighboring transmission.
Because of lacking of coordination among
neighboring transmissions, the exposed termi-
nal and hidden terminal problem would fur-
ther degrade the performance, which is of low
efficiency and a waste of network resources.
BMWIS shares a higher speed than Greedy-
MWIS algorithm in data sharing. The reason
behind this is that BMWIS can improve the
solutions obtained by Greedy-MWIS, which
is achieved by disseminating the set of data
items which have the highest balanced rate.
This more balanced distribution of data items
makes sure that the distribution of data is more
balanced, resulting that each data request has
a higher possibility of being serving by their
neighbors. Consequently, BMWIS shares
a higher dissemination speed over Greedy-
MWIS.

Figure 7 shows the average delay under
different number of nodes. As illustrated by
this figure, BMWIS can make sure the data
items be disseminated at the fastest speed,
thus enjoying the lowest average delay, while
Random-greedy has the highest average delay.
With the number of nodes increases, there
exist more neighbors for each node. As a re-
sult, each request has a higher probability to
be served. What’s more, each transmission
can disseminate multiple items and multi-
ple receivers can receive these items, as the
broadcast nature of DSRC. This can be figured
out in figure 7, with the increasing number of
nodes, the average delay is decreasing.

Figure 8 and figure 9 present the number of
served nodes and number of transmissions in
each scheduling period. The number of served
nodes in each scheduling period is amount of
nodes which can successful receive a packet.
As can be illustrated by these two figures, BM-
WIS and Greedy-MWIS have nearly the same
number of transmissions in each scheduling
period, while many nodes for Random-greedy
are selected as the senders. Meanwhile, BM-
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WIS and Greedy-MWIS make sure that more
nodes will be served, which will make sure
that more data items will be delivered suc-
cessfully. However, Random-greedy can only
serve a small number of nodes, in spite of the
fact that it has the largest number of transmis-
sions in each scheduling period.

VI. CONCLUSION AND FUTURE
DIRECTIONS

In this paper, we have studied several key is-
sues on cooperative sharing of large volume
of vehicular data in edge computing assisted
5G-VANET. First, a hierarchical architecture
has been proposed to support efficient content
prefetching and data distribution at the edge.
Second, to efficiently schedule vehicular con-
tent distribution, a graph theory based sched-
uling scheme has been developed. Simulation
results have been provided to demonstrate the
superior of the scheme. To fully leverage the
power of edge computing assisted 5G-VANET,
some future research issues are provided as
follows.

Data aggregation and data mining in
edge computing assisted SG-VANET — In
5G-VANET, things such as vehicles, RSU,
small cell, macro base station, and users, can
generate a lot of data. If these data are prop-
erly utilized, useful knowledge can be mined
from these data, which can improve the effi-
ciency of data sharing and the intelligence of
nodes.

Security and privacy in edge computing
assisted 5G-VANET — The CWC and MBS,
with global information and large computing
power, can coordinate and control the net-
work, and can ensure security and privacy for
5G-VANET.

Computing cooperation in edge comput-
ing assisted SG-VANET — In 5G-VANET,
each node has resources of computing. These
computing resources can be shared to maxi-
mize the utilization. The base station can off-
load the computing tasks to vehicles, and the
vehicle can also offload the computing tasks to
the BS.

80 : ‘ ; ; ;
" i } i BMWIS
() 1 1 1
860l Mo dooo- 1o o
z 'y ! 77| - - - Greedy-MWIS
o ‘o | ]
() o ) i I
% [ i i i i
R N s B R B
S b b
[} 4 kA i i I I
o) NS \ | | 1 I
A W R R
4 1 7 -/\:"/\h,h \ i ‘
‘\,J AN : :
N ] " WAl ] [
0 _I'_,_|_,_|‘_‘s - Xﬁ)_—_ %\&‘.'_Lv.'\/‘_&r:_- =_|
1 16 31 46 61 76 90

Time / Scheduling periods

Fig. 9. Number of served nodes in each scheduling period.

ACKNOWLEDGMENT

The authors acknowledge the support of Na-
tional Science and Technology Major Project
of the Ministry of Science and Technology of
China under Grant No. 2016Z2X03001025-
003, the Natural Science Foundation of Bei-
jing under Grant No. 4181002, the Natural
Science Foundation of China under Grant No.
91638204, BUPT Excellent Ph.D. Students
Foundation under Grant No. CX2018210, and
Natural Sciences and Engineering Research
Council (NSERC), Canada.

References

[11 F Yang, S. Wang, J. Li, Z. Liu, and Q Sun, "An
overview of Internet of Vehicles,” China Com-
munications, vol. 11, no. 10, pp. 1-15, Oct 2014.

[2] N. Cheng, N. Lu, N. Zhang, X. Shen, and J. W.
Mark, “Vehicular wifi offloading: challenges and
solutions,” Vehicular Communications, vol. 1, no.
1, pp. 13-21, 2014.

[3] A. Botta, W. De Donato, V. Persico, and A. Pes-
cape’, "On the integration of cloud computing
and Internet of Things,” in 2014 International
Conference on Future Internet of Things and
Cloud. IEEE, 2014, pp. 23-30.

[41 A. L. Jin, W. Song, and W. Zhuang, "Auc-
tion-based resource al location for sharing
cloudlets in mobile cloud computing,” /EEE
Transactions on Emerging Topics in Computing,
pp. 1-1, 2017.

[5]1 Y. C. Hu, M. Patel, D. Sabella, N. Sprecher, and V.
Young, "Mobile edge computing A key technol-
ogy towards 5G," ETSI white paper, vol. 11, no.
11, pp. 1-16, 2015.

China Communications ¢ July 2018

15



(8l

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(171

(18]

N. Zhang, S. Zhang, P. Yang, O. Alhussein, W.
Zhuang, and X. Shen, "Software defined space-
air-ground integrated vehicular networks: Chal-
lenges and solutions,” IEEE Communications
Magazine, vol. 55, no. 7, pp. 101-109, 2017.

X. Cheng, C. Chen, W. Zhang, and Y. Yang,
"5G-enabled cooperative intelligent vehicular
(5GenClV) framework: When Benz meets Mar-
coni," IEEE Intelligent Systems, vol. 32, no. 3, pp.
53-59, 2017.

Q. Yuan, H. Zhou, J. Li, Z. Liu, F. Yang, and X.
Shen, “Toward effcient content delivery for au-
tomated driving services: An edge computing
solution,” IEEE Network, vol. 32, no. 1, pp. 80-86,
Jan./Feb. 2018.

H. Zhou, W. Xu, Y. Bi, J. Chen, Q. Yu, and X. Shen,
“Toward 5G spectrum sharing for immersive ex-
perience driven vehicular communications,” IEEE
Wireless Communications Magazine, to appear.
X. Cheng, L. Yang, and X. Shen, “D2D for intelli-
gent transportation systems: a feasibility study,”
IEEE Transactions on Intelligent Transportation
Systems, vol. 16, no. 4, pp. 1784-1793, 2015.

H. Gong, L. Yu, N. Liu, and X. Zhang, "Mobile
content distribution with vehicular cloud in
urban VANETs,” China Communications, vol. 13,
no. 8, pp. 84-96, Aug 2016.

X. Li, X. Wang, K. Li, and V. C. Leung, "Collabo-
rative hierarchical caching for traffic offloading
in heterogeneous networks,” in 2017 IEEE Inter-
national Conference on Communications (ICC).
IEEE, 2017, pp. 1-6.

D. Tian, J. Zhou, Z. Sheng, M. Chen, Q Ni, and
V. C. M. Leung, "Self-organized relay selection
for cooperative transmission in vehicular ad-
hoc networks,” IEEE Transactions on Vehicular
Technology, vol. 66, no. 10, pp. 9534-9549, Oct
2017.

K. Poularakis and L. Tassiulas, “Code, cache and
deliver on the move: A novel caching paradigm
in hyper-dense small-cell networks,” IEEE Trans-
actions on Mobile Computing, vol. 16, no. 3, pp.
675-687, 2017.

G. Mauri, M. Gerla, F. Bruno, M. Cesana, and G.
Verticale, "Optimal content prefetching in NDN
vehicle-to-infrastructure scenario,” IEEE Transac-
tions on Vehicular Technology, vol. 66, no. 3, pp.
2513-2525, 2017.

M. Ji, G. Caire, and A. F. Molisch, “"Wireless de-
vice-to-device caching networks: basic princi-
ples and system performance,” IEEE Journal on
Selected Areas in Communications, vol. 34, no.
1, pp. 176-189, 2016.

N. Cheng, H. Zhou, L. Lei, N. Zhang, Y. Zhou, X.
Shen, and F. Bai, "Performance analysis of vehic-
ular device-to-device underlay communication,”
IEEE Transactions on Vehicular Technology, vol.
66, no. 6, pp. 5409-5421, 2017.

G. Luo, S. Jia, Z. Liy, K. Zhu, and L. Zhang, "sdn-
MAC: a software defined networking based mac

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

protocol in VANETs," in 2076 IEEE/ACM 24th
International Symposium on Quality of Service
(IWQoS). IEEE, 2016, pp. 1-2.

G. Luo and J. Li and L. Zhang and Q Yuan and
Z. Liu and F. Yang, "sdnMAC: a software-defined
network inspired MAC protocol for cooperative
safety in VANETs," IEEE Transactions on Intelli-
gent Transportation Systems, 2018, pp. 1-14.

K. Abboud, H. A. Omar, and W. Zhuang, “Inter-
working of DSRC and cellular network technol-
ogies for V2X communications: A survey,” IEEE
Transactions on Vehicular Technology, vol. 65,
no. 12, pp. 9457- 9470, 2016.

D. Tian, J. Zhou, Z. Sheng, and V. C. M. Leung,
"Robust energy-efficient MIMO transmission
for cognitive vehicular networks,” IEEE Transac-
tions on Vehicular Technology, vol. 65, no. 6, pp.
3845-3859, June 2016.

H. Zhou, N. Zhang, Y. Bi, Q Yu, X. Shen, D. Shan,
and F. Bai, "TV white space enabled connected
vehicle networks: Challenges and solutions,”
IEEE Network, vol. 31, no. 3, pp. 6-13, 2017.

J. Chen, H. Zhou, N. Zhang, W. Xu, Q. Yu, L.
Gui, and X. Shen, “Service-oriented dynamic
connection management for software-defined
Internet of Vehicles,” IEEE Transactions on Intelli-
gent Transportation Systems, vol. 18, no. 10, pp.
2826-2837, Oct 2017.

Q. Yuan, J. Li, Z. Liu, and F. Yang, "Space and
time constrained data offloading in vehicular
networks,” in 2016 IEEE 18th International Con-
ference on High Performance Computing and
Communications. IEEE, 2016, pp. 398-405.

Y. Gu, L. X. Cai, M. Pan, L. Song, and Z. Han,
"Exploiting the stable fixture matching game
for content sharing in D2D-based LTEV-2X
communications,” in Proc. of IEEE GLOBECOM,
Washington, DC, USA, 2016, pp. 1-6.

K. Liu, J. K. Ng, V. Lee, S. H. Son, and I. Sto-
jmenovic, "Cooperative data scheduling in
hybrid vehicular ad hoc networks: VANET as a
software defined network,” IEEE/ACM Transac-
tions on Networking (TON), vol. 24, no. 3, pp.
1759-1773, 2016.

H. Zhou, B. Liu, T. H. Luan, F. Hou, L. Gui, Y. Li, Q
Yu, and X. Shen, “ChainCluster: engineering a
cooperative content distribution framework for
highway vehicular communications,” IEEE trans-
actionson intelligent transportation systems, vol.
15, no. 6, pp. 2644-2657, 2014.

F. Zeng, R. Zhang, X. Cheng, and L. Yang, “Chan-
nel prediction based scheduling for data dis-
semination in VANETs,” I[EEE Communications
Letters, vol. 21, no. 6, pp. 1409-1412, 2017.

T. Wang, L. Song, Z. Han, and B. Jiao, "Dynamic
popular content distribution in vehicular net-
works using coalition formation games,” IEEE
Journal on Selected Areas in Communications,
vol. 31, no. 9, pp. 538-547, 2013.

T. H. Luan, L. X. Cai, J. Chen, X. Shen, and F. Bai,

16

China Communications ¢ July 2018



"Engineering a distributed infrastructure for
large-scale cost-effective content dissemination
over urban vehicular networks,” IEEE Transac-
tions on Vehicular Technology, vol. 63, no. 3, pp.
1419-1435, March 2014.

[31] X. Cheng, Q Yao, M. Wen, C. X. Wang, L. Y. Song,
and B. L. Jiao, "Wideband channel modeling
and intercarrier interference cancellation for
vehicle-to-vehicle communication systems,” IEEE
Journal on Selected Areas in Communications,
vol. 31, no. 9, pp. 434-448, September 2013.

[32] B. Hendrickson and R. Leland, “A multilevel al-
gorithm for partitioning graphs,” in Proceedings
of the 1995 ACM/IEEE Conference on Supercom-
puting, ser. Supercomputing '95. New York, NY,
USA: ACM, 1995.

[33] S. Sakai, M. Togasaki, and K. Yamazaki, "A note
on greedy algorithms for the maximum weight-
ed independent set problem,” Discrete Applied
Mathematics, vol. 126, no. 2, pp. 313-322, 2003.

[34] G. Luo, J. Li, Z. Liu, X. Tao and F. Yang, “Physical
layer security with untrusted relays in wireless
cooperative networks”, Proc. IEEE Wireless
Communications and Networking Conference
(WCNC), 2017, pp.1-6.

Biographies

Guiyang Luo, received the B.E.
degree in electrical and com-
munications from Beijing Ji-
aotong University (BJTU), Bei-
jing, China, in 2015. He is cur-
rently a Ph.D. candidate at Bei-
jing University of Posts and
Telecommunications. His cur-
rent research interest includes software defined net-
works, medium access control and intelligent trans-
portation system.

Quan Yuan, received his Ph.D.
degree in computer science
and technology from the Bei-
jing University of Posts and
Telecommunications in 2018.
His current research interest in-
cludes crowdsensing, connect-
ed vehicle, mobile Internet, and
intelligent transportation system.

Haibo Zhou, received his Ph.D.
degree in information and
communication engineering
from Shanghai Jiao Tong Uni-
versity, China, in 2014. From
2014 to 2017, he worked as a
postdoctoral fellow with the
Broadband Communications
Research Group, ECE Department, University of Wa-
terloo, Canada. Currently, he is an associate professor

with the School of Electronic Science and Engineer-
ing, Nanjing University. His research interests include
resource management and protocol design in cogni-
tive radio networks and vehicular networks.

Nan Cheng, received the Ph.D.
degree from the Department
of Electrical and Computer En-
gineering, University of Water-
loo. He is currently working as
a Post-doctoral fellow with the
Department of Electrical and
Computer Engineering, Univer-
sity of Toronto, and with Department of Electrical and
Computer Engineering, University of waterloo. His
research interests include performance analysis and
opportunistic communications for vehicular net-
works, unmanned aerial vehicles, and cellular traffic
offloading.

Zhihan Liu, is a researcher in
State Key Lab of Networking
and Switching Technology, Bei-
jing University of Posts and
Telecommunications (BUPT).
He received the M.S. degree in
computer science and technol-
ogy from BUPT in 2004. His re-
search interests include mobile Internet, loT and loV.

Fangchun Yang, received the
Ph.D. degree in communica-
tions and electronic systems
from the Beijing University of
Posts and Telecommunication
(BUPT) in 1990. He is currently
a Professor with BUPT. He has
authored six books and over 80
papers. His current research interests include network
intelligence, service computing, communications
software, softswitching technology, and network se-
curity. He is a fellow of the IET.

Xuemin (Sherman) Shen, is a
University Professor, Depart-
ment of Electrical and Comput-
er Engineering, University of
Waterloo. He serves/has served
as the Editor-in-Chief for the
IEEE Internet of Things Journal,
% i IEEE Network, Peer-to-Peer
Networkmg and Applications, and IET Communica-
tions. He is an Engineering Institute of Canada Fel-
low, a Canadian Academy of Engineering Fellow, and
a Royal Society of Canada Fellow.

China Communications ¢ July 2018

17




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


