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Abstract—This paper investigates the resource-sharing problem
in vehicular networks, including both vehicle-to-vehicle (V2V)
and vehicle-to-infrastructure (V2I) communication links. A novel
underlaying resource-sharing communication mode for vehicular
networks is proposed, in which different V2V and V2I commu-
nication links are permitted to access the same resources for
their individual data transmission. To solve the resource-sharing
problem in vehicular networks, we, for the first time, ap-
ply graph theory and propose the following two interference
graph-based resource-sharing schemes: 1) the interference-aware
graph-based resource-sharing scheme and 2) the interference-
classified graph-based resource-sharing scheme. Compared with
the traditional orthogonal communication mode in vehicular net-
works, the proposed two resource-sharing schemes express better
network sum rate. The utility of the proposed V2V and V2I un-
derlaying communication mode and the two proposed interference
graph-based resource-sharing schemes are verified by simulations.
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I. INTRODUCTION

ECENTLY, vehicular networks have attracted consider-

able attention due to the emergence of intelligent trans-
portation systems (ITSs). To support various ITS applications,
both vehicle-to-infrastructure (V2I) and vehicle-to-vehicle
(V2V) communications need to be supported in vehicular
networks [1]-[7]. On one hand, V2I communications allow
the vehicles to access the roadside infrastructure (RSU) that
belongs to one or several service providers for downloading or
uploading various types of data related to different applications.
On the other hand, V2V communications enable a pair or
group of vehicles to communicate and exchange information
for different purposes. However, most previous works on the in-
vestigation and analysis of vehicular networks have mainly fo-
cused on either V2V or V2I communication scenarios [8]—[10].
For example, in [8], scheduling with quality-of-service (QoS)
support for V2I communications is focused upon, and an op-
timal control-based algorithm is proposed that relies on the
polling-based contention-free access mode of the IEEE 802.11e
Standard. In [9], a joint power and subcarrier assignment policy
under delay-aware QoS requirements, which can effectively
improve the power efficiency in V2I communication networks,
is proposed. In [10], a low-complexity outage-optimal dis-
tributed channel allocation for V2V communications by solving
a maximum matching problem based on a random bipartite
graph, is proposed.

More recently, to achieve a further-improved network per-
formance in vehicular networks, many more researchers have
been starting to concentrate on the design of vehicular net-
works through the joint consideration of both V2V and V2I
communications [11]-[15]. Based on [11]-[15], it has been
demonstrated that, compared with vehicular networks using
either V2V or V2I communications, the performance of vehic-
ular networks can further be improved by jointly considering
both V2V and V2I communications. In [11], the information
spread problem in a joint V2I and V2V communication system
is investigated by using network coding at the infrastructure
and the vehicles to improve the system throughput. In [12], the
access probability and connectivity probability performance in
a vehicular relay network, considering both one-hop (V2I) and
two-hop (V2I and V2V) communications between a vehicle
and the infrastructure is studied. In [13], for the first time, a
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vehicle-to-vehicle-to-infrastructure (V2V2I) architecture for
vehicular networks, which is a hybrid of V2I and V2V ar-
chitectures, is described. A super-vehicle algorithm is then
proposed in [14] for the V2V2I communication system, where
the vehicular network is broken into several preconfigured
zones, and in each zone, there exists a super vehicle. The super
vehicle can receive data from all of the other vehicles within
its zone, aggregate the data, and then transmit the aggregated
data to the central server or other super vehicles in adjacent
zones. In [15], the V2V2I communication system in vehicular
networks is improved by utilizing smart-antenna-based beam-
forming and proposed a downlink resource allocation scheme
to mitigate the cochannel interference between V2I and V2V
communications.

To the best of the authors’ knowledge, there is no work
available in public to deal with the resource-sharing issue in
vehicular networks from a media access and control (MAC)-
layer perspective, i.e., different V2V and/or V2I communica-
tions can share the same radio resources for their individual data
transmission with the cochannel interference limited by proper
resource assignment among different communication links. The
utility of a network with such a resource-sharing mechanism
has been proved in [16] and [17], where device-to-device (D2D)
communication is used as an underlay to cellular networks and,
thus, can share the same resources with the traditional cellular
communication. This D2D communication underlaying cellular
network has proved to be an efficient communication mode that
can alleviate the communication load of the base station (BS)
and thus further improve the network efficiency [16], [17].

Motivated by this case, in this paper, we investigate the
resource-sharing problem from a MAC-layer perspective in
vehicular networks where V2V and V2I communications co-
exist and act as an underlay to each other. In particular, we
first propose a novel underlaying resource-sharing communi-
cation mode for vehicular networks in which different V2V
and V2I communication links are permitted to access the same
resources for their individual data transmission. Then, we for-
mulate the resource-sharing problem as a resource assignment
optimization problem, considering the interference between
different communication links. However, optimally solving the
resource assignment optimization problem is computationally
prohibitive. Graph theory has been widely accepted as a useful
tool for modeling and analyzing various types of interactions,
relations, and dynamics in different networks [18] and has been
widely used in the design and analysis of resource manage-
ment problems in cellular networks [19]-[21]. Therefore, by
using the graph theory, we propose the following two inter-
ference graph-based resource-sharing schemes to effectively
obtain a suboptimal resource assignment solution in low com-
putational complexity: 1) the interference-aware graph-based
resource-sharing scheme and 2) the interference-classified
graph-based resource-sharing scheme. The simulation results
show that, compared with the traditional orthogonal commu-
nication mode in vehicular networks, the proposed resource-
sharing schemes have significantly better network sum rate,
which indicates the efficiency in improving the network
performance by employing the underlaying resource-sharing
communication mode into the vehicular networks. The per-
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formance comparison also verifies that the proposed inter-
ference graph-based resource-sharing schemes can achieve
proper and effective resource assignment among different com-
munication links and thus help in efficiently realizing the
performance advantage of the underlaying resource-sharing
communication mode in vehicular networks. The novelties
and main contributions of this paper can be summarized
as follows.

1) From a resource management perspective in the MAC
layer, we propose an underlaying resource-sharing com-
munication mode for vehicular networks where both
V2V and V2I communications coexist and are permitted
to access the same resources for their individual data
transmission. The proposed underlaying resource-sharing
communication mode can effectively improve the spec-
trum efficiency of vehicular networks.

2) To deal with the optimal resource-sharing problem in low
computational complexity, the graph theory is, for the
first time, applied to design and analyze resource-sharing
problems in vehicular networks. To achieve near-optimal
performance, we propose an interference-aware graph-
based resource-sharing scheme.

3) To further reduce the high communication over-
head of the proposed interference-aware graph-based
resource-sharing scheme, we propose a resource-sharing
scheme that is simpler and easier to implement, i.e.,
an interference-classified graph-based resource-sharing
scheme. The proposed interference-classified graph-
based resource-sharing scheme can also achieve subopti-
mal performance and shows better network sum rate over
the traditional orthogonal communication mode.

The rest of this paper is organized as follows. In Section II,
the underlaying resource-sharing communication mode for ve-
hicular networks is proposed, and the resource-sharing problem
is formulated as a resource assignment optimization problem.
In Section III, the interference-aware graph-based resource-
sharing scheme is proposed. In Section IV, the interference-
classified graph-based resource-sharing scheme is proposed.
Simulation results are provided in Section V, and the conclu-
sions are drawn in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Description

Consider a vehicular network where both V2I and V2V
communication links coexist, as illustrated in Fig. 1. The inves-
tigated vehicular network consists of one RSU that can deliver
information to the vehicles within its broadcasting coverage,
M vehicles that access the RSU for the information that they
demand, and N pairs of vehicles that communicate with each
other. Therefore, there exist M V21 and N V2V communication
links in the network, denoted by A,, and B, respectively,
where m = 1,2,..., M, and n = 1,2,..., N. Denote the set
of indices {1,2,..., M}, the set of indices {1,2,..., N}, the
set of V2I communication links, and the set of V2V communi-
cation links by M, NV, A, and B, respectively. Each vehicle and
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the RSU are equipped with a single omnidirectional antenna
and operate in a half-duplex manner. At the physical layer, the
orthogonal frequency-division multiplexing (OFDM) technique
is employed to support multiple accesses for both V2I and V2V
data transmission. Then, the total channel bandwidth TV can be
divided into K orthogonal resource blocks (RBs), denoted by
R = {RB1,RBs, ... ,RBx}, where each RB occupies a certain
number of orthogonal subcarriers.

To improve the spectrum efficiency of the considered ve-
hicular network, which consists of both V2I and V2V com-
munication links, we propose an underlaying resource-sharing
communication mode in which different V2I and V2V com-
munication links are permitted to access the same resources,
i.e., RBs, for their individual data transmission. The proposed
underlaying communication mode can offer the possibility of
effectively increasing the throughput of the vehicular network
through efficient interference management protocols. Note that,
although the proposed underlaying communication mode is
similar to the concept of D2D communications used as an
underlay to cellular networks, it is different from the D2D
communication underlaying cellular network in the priority
issue [16], i.e., in the proposed underlaying communication
mode, V2I and V2V communication links have the same
priority to obtain RBs for data transmission, which means
that V2I and V2V communications perform as an underlay
to each other, whereas in a D2D communication underlaying
cellular network, traditional cellular communication links have
higher priority than D2D communication links when accessing
the radio resources. Because this paper investigates the down-
link transmission case for V2I communications, i.e., the RSU
transmits information to the corresponding vehicles, different
V2I communication links should not be allowed to share the

Vehicular network where both V2I and V2V communication links coexist.

same RB for their individual data transmission, because all
the V2I communication links have the same transmitter, i.e.,
the RSU. If different V2I communication links can share the
same RB, the information for different vehicles would be mixed
up at the transmitter, making it difficult for each vehicle to
distinguish its demanded information from the superimposed
data symbols. Therefore, resource sharing among different V2I
communication links is forbidden in the proposed underlaying
communication mode.

The key issue of the use of the proposed underlaying
resource-sharing communication mode is the proper design
of interference management protocol. An efficient interference
management protocol for such an underlaying resource-sharing
scenario can be achieved by properly clustering V2I and V2V
communication links for different RBs, considering interfer-
ence among them. The RSU will act as a scheduling operator
that can collect the communication requests from individual
vehicles that require a V2I downlink data transmission link and
pairs of the vehicles that expect to set up a V2V communication
link, allocate the RBs to different communication links based
on efficient resource-sharing algorithms, and announce the
decisions on RB allocation to the vehicles within its communi-
cation coverage. Once the RB allocation has been decided, the
data transmission of each communication link can be performed
over the allocated RBs. Note that, for simplicity and with
respect to fairness for different communication links to acquire
communication service, we assume that each communication
link can be allocated at most one RB in an OFDM symbol
for its data transmission through every scheduling process. As
illustrated in [17] and [20], the aforementioned assumption has
been widely used on the studies of resource-sharing issues in
OFDM systems.
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B. Resource-Sharing Problem Formulation

Suppose that the RSU and the vehicles transmit with power
p, and p,, respectively, and the transmit power of the RSU
allocated to each RB for V2I data transmission is equal, i.e.,
the transmit power on each RB is p,/K. The channel gains
of the V2I A,,, and V2V B,, communication links on RB;, are
denoted by g% ~and gf; , respectively, where m € M, n € N,
and k£ € K. The channel gains of the interference links from
the V2I communication link A,, to the V2V communication
link B,,, from the V2V communication link B,, to the V2I
communication link A4,,, and from one V2V communication
link B,, to another V2V communication link B,, when they
share RBj, for individual data transmission are represented
by gff‘m,Bn, g]’_f;,mAm, and g]’_f}mBn/, respectively, where m €
M, neN,n eN,n#n', and k € K. In this paper, the
channel gains contain the distance-dependent path loss and
the normalized small-scale fading, i.e., gff\m = PLy, hY

95, =PLp,hy, . 95, p, =PLa,bS 5. 95, 4, =
PLp, A, W 4. and g p =PLp, g hy p, where
PLa,,, PLp,,PLa,, B, PLp, a,,and PLp g, represent
the corresponding distance-dependent path loss, and A%, s h’fgn,
Wi, B, Wi, A, and hi g represent the corresponding
normalized small-scale channel fading on the RBj. Note that,
in our assumption, the small-scale fading on different RBs for a
certain communication link is independent, but within one RB,
it stays the same, i.e., a flat fading in each RB [9]. The thermal
noise at the vehicles satisfies independent Gaussian distribution
with zero mean and the same variance and is denoted by o2,
The instantaneous signal-to-interference-plus-noise ratio
(SINR) at the receiver of the V2I communication link A,,,
m € M when the RBy, is allocated to it for data transmission
can be given as
k gk
SINR}} = = (1)

k
o+ > PuYpa
jEN,BjGCk

m

and the instantaneous SINR at the receiver of the V2V com-
munication link B,,, n € A when the RBy, is allocated to it for
data transmission can be given as

SINR;

k
_ Pv9p,, @)

k
Prg .
2 A;,Bp k
oo+ -t > Dv9p; B,
IeM,A;eCy, JeN,j#n,B;eCy

where Cj, represents the cluster of the communication links that
share the RB;, for individual data transmission.

The key issue of the resource-sharing problem is to find the
optimal RB assignment solution for V2I and V2V commu-
nication links, based on which the communication links can
properly perform their individual data transmission in the un-
derlaying vehicular network. By applying the Shannon capacity
formula, we define the sum rate of the vehicular network as
the sum of the channel capacity for all V2I and V2V commu-

nication links within the network. Let S sy n)xx = ()f(fl”j <)

be an RB assignment solution, where X/xx = [t ] and
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Y Nk = [Bn,k] denote the RB assignment matrix for V2I and
V2V communication links, respectively. The value of «,,, j, and
Bk, withm € M, n € N, and k € K, can be defined as

when RB;, allocated to A,,

L,
Cm.k = {0, otherwise )
| 1, when RBy, allocated to B,,
B = {07 otherwise. @

Therefore, we can obtain the optimal RB assignment solution,
denoted by S,,:, by solving the optimization problem as

K
W
Sopt = arg  max Z —

S K
(M+N)x K 1

M
x lz logy (1 + SINR% ) a
m=1

N
+ Y log, (14 SINRE, ) B x (5)

n=1

Ck = {AZ7Bj|a’L,k§ = lvﬁj,k = 172 € Mvj GN}

M
Z Qm, & <1
m=1

K

(6)

M=

Am, k < 1 ﬂn,k < 1

1

k=

—

k

where SINRY ~and SINRY, are given in (1) and (2), re-
spectively. Note that the second constraint in (6) guarantees
that the situation that two or more V2I communication links
occupy the same RB for data transmission is forbidden and
the third constraint in (6) guarantees that each communication
link can obtain at most one RB in an OFDM symbol through
every RB assignment process. In addition, note that, in this
paper, we mainly focus on the resource assignment problem
in the underlaying vehicular network to optimize the network
sum rate at a certain scheduling time point. Thus, the fairness
problem among different communication links is not within our
consideration, which can effectively be solved by employing
the well-known proportional fair (PF) protocol [22], [23] to
design a PF scheduler along the time dimension based on the
optimization criterion that we formulated in (5).

The optimal RB assignment solution in (5) can be obtained
through an exhaustive search for all the possible choices of
oy and 3, 5, subject to the conditions given in (6), where
O 1 and B, 1 are independent of each other. Then, the com-
putational complexity can be obtained as the multiplication
of the complexity with all possible choices of v, ; and the
complexity with all possible choices of 3,, , m € M, n € N,
and k € K.

After further calculations, the computational complexity of
the optimization problem formulated in (5) and (6) can be
obtained as

a N 4 1)Kt
Coptimar = O (kzo Pl - ((;_)]), ™



4032

where (z)! denotes the factorial computation of a nonnegative
integer =, and PY represents the permutation operation, which
is defined as

(z)!

P;/:{(acyw when z = y (8)
0, otherwise

where z and y are both nonnegative integers, and we further
define (0)! = 1.

Based on (7), the optimization problem that was formulated
in (5) and (6) is an NP-hard combinatorial optimization prob-
lem with nonlinear constraints [24]; in particular, as the number
of V2I and V2V communication links (i.e., M and N) grows,
the computational complexity rapidly increases. In other words,
directly finding an optimal solution of the aforementioned op-
timization problem is computationally prohibitive, and thus, no
polynomial-time algorithm can optimally solve it. Therefore,
in the following sections, we propose two interference graph-
based resource-sharing schemes to effectively obtain a subopti-
mal RB assignment solution in low computational complexity
to achieve an improved sum rate of the V2I and V2V un-
derlaying communication mode compared with the traditional
orthogonal communication mode in vehicular networks.

III. INTERFERENCE-AWARE GRAPH-BASED
RESOURCE-SHARING SCHEME

In this section, we propose an interference-aware graph-
based resource-sharing scheme for the V2I and V2V communi-
cation underlaying vehicular network. The interference-aware
case is defined as a condition that the RSU can acquire lo-
cal awareness on the channel gains of each communication
link and between different communication links, making it
able to take this information into account when assigning the
radio resources to V2I and V2V communication links. The
interference-aware condition can be achieved by applying the
following approach: The RSU and each vehicle as a transmit-
ter in V2I and V2V communication links would periodically
broadcast sounding signals. The vehicles as receivers in com-
munication links could receive the sounding signals from the
transmitters if they are within the transmitters’ communication
coverage; then, they would estimate the channel gains of their
own communication links and the interference links and report
the channel information that they acquired to the RSU. If a
receiver could not receive the sounding signal from a certain
transmitter, which means it is out of the communication cover-
age of the transmitter, it would report the interference channel
gain as 0 to the RSU. The RSU collects all the channel infor-
mation reported by the vehicles, and hence, it could become an
interference-aware scheduling operator.

A. Interference-Aware Graph Construction

The first step of the interference graph-based scheme for
resource sharing in the V2I and V2V underlaying vehicular
network is to construct the interference graph that corresponds
to the network topology. Considering an illustrative example
with two V2I communication links and three V2V communi-
cation links, as shown in Fig. 1, we construct a corresponding
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Fig. 2. Illustrative example of an interference-aware graph.

interference-aware graph as shown in Fig. 2, where the two V2I
and three V2V communication links are denoted by Aj, As,
B, By, and Bs, respectively. In the interference-aware graph,
denoted by G;, = (V, a), each vertex in the vertices set V
represents a V21 or V2V communication link, and each edge,
which connects two vertices, in the edge set &;, has a weight
that characterizes the potential mutual interference between the
two vertices.

Each vertex in the proposed interference-aware graph, de-
noted by V;, with ¢ =1,2,..., M + N, has the following
three individual attributes: 1) the link attribute, 2) the resource
attribute, and 3) the cluster attribute. The link attribute indicates
that the vertex belongs to either a V2I or a V2V communi-
cation link, i.e., V; € A or V; € BB, which affects the weight
value calculation of the edges between different vertices. The
resource attribute contains the following two parameters: 1) the
RB index list £(V;) and 2) the current interested RB index
5(V;). The term L(V;) is a vector of RB indices, ordered such
that the RB index that corresponds to the highest signal-to-
noise ratio (SNR) at the receiver appears first and the RB index
that corresponds to the lowest SNR appears last, and 6(V;)
is the first element in £(V;). The cluster attribute, denoted
by 7(V;), represents the cluster of RB to which the vertex
currently belongs, i.e., if V; € Cy, k € K, then 7(V;) = k. Note
that, if V; does not currently belong to any cluster of RB,
then 7(V;) = 0.

Different from many other interference graphs that were
constructed for resource allocation problems [19]-[21], the
edge weight Ey, v, with i # j, which represents the potential
mutual interference between two vertices V; and V}, in the
proposed interference-aware graph is a K x K interference
matrix rather than a certain value, as shown in [19]-[21]. This
is because we apply the more real assumption that channel
responses on different RBs for a communication or interference
link are different. We define the value of the edge weight as
the sum of the mutual interference between two vertices, i.e.,
Ev, v, =1y, v, + Iy, v,, where Iy, v, and Iy, v, represent the
interference matrices from V; to V; and from V; to V;, with
Vi, V; € Vand i # j, respectively. Note that, if both V; and V;
are the V2I communication links, then the interference between
them should be set to infinity or equal to a sufficiently large
value to guarantee our assumption that resource sharing among
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different V2I communication links is forbidden. In addition,
note that, if and only if two different communication links
occupy the same RB, they can generate interference to each
other. Otherwise, the interference between them will be zero. To
determine the edge weight of the proposed interference-aware
graph, we first need to obtain the interference matrices, which
is given as

le/i,vj 0 0
0 ]‘2&% 0
Lv,v, = ) . . ) )
0 0 [‘I/{“Vj

where IV v, represents the interference between V; and V;
when they share RB r with k € K for data transmission. Based
on the interference channel information collected by the RSU
in our interference-aware assumption, I "3 v, can accurately be
calculated as

0, VieA Ve A
Iy, =4 By, VieAVEB o
Pud¥, v, Vi€ B

Then, the value of the edge weight Ey, v, in the proposed
interference graph can be obtained as

Ev, v,
E\I/i,v, 0 0
0 E‘2/VJ 0
0 0 - Efy,
Iy v, 1y, v, 0 0
0 1\2/1,%+I\2/j,w 0
0 0 IF v+ IE y,
(11)

B. Interference-Aware Graph-Based
Resource-Sharing Algorithm

Based on the interference-aware graph constructed in
Section III-A, in this section, we propose an interference-aware
graph-based resource-sharing algorithm to effectively assign
RBs to different V2I and V2V communication links to improve
the sum rate of the vehicular network.

To process the proposed interference-aware graph-based al-
gorithm, we require several definitions as follows.

Definition 1: The cluster value of RBy’s cluster Cy,, which is
denoted by v..(Cy), is defined as the sum of the channel capacity
for all the communication links that belong to the cluster, taking
the mutual interference among them into account. Therefore,
the cluster value v.(Cy) can be given as

Z glogg (1+ SINRY,) (12)

VIECk

Uc(ck) ==
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TABLE 1
ALGORITHM 1: INTERFERENCE-AWARE GRAPH-BASED
RESOURCE-SHARING ALGORITHM

1. Construct the interference-aware graph and initialize the param-
eters of the interference-aware graph.
* Calculate each edge weight Ey, v, with V;,V; € Vand V; #
Vi
! * Initialize each vertex’s individual information, i.e., £(V;) and
5(V;), and set 7(V;) = 0 with V; € V;
* Set Cj, = P, where P represents an empty set, and v; (C) =
ve (Cr) = 0 with k € K;
* Initialize C; = {V; | 0(V;) =k, V; € V} with k € K.
2. Repeat
* Select a vertex V* from the virtual cluster C;; with k € K:
o If C, = @, then V* = arg max v. (Cr U{Vi}):
V,€Cf

Else, V* = i i (C Vi}).
o Blie, V" =g iy vi € U(Vi))

* Compare the cluster value v. (Cg) with ve (Cr, J{V*}):
o If v (Ck | U{V*}) > vc(Ck), then Cp = Cr | U{V*},
7(V*) =k, and 6(V*) = 0;
e Else, delete the first index in £(V*) and update §(V*).
* Update all the virtual clusters.
Until C;UCsU---UCj = @.
3. The RB assignment solution is composed of {7(V;) | V; € V}.

where SINR"C,i can be calculated by (1) or (2), depending on
V,e AorV; € B.

Definition 2: The interference value of RBy’s cluster Cy,
denoted by v;(Cy), is defined as the sum of the mutual inter-
ference between every two communication links that belong
to the cluster. Therefore, the interference value v;(Cy) can be
given as

v;(Cr) =

>

Vi, V;€Ck, ViV

_ k
= Y By

Vi, V;€Ck, Vi#V;

(I‘]j'rnvj + I‘Ij},Vi)
(13)

where E\k/@ v, can easily be obtained from the edge weight of
the proposed interference graph.

Definition 3: The virtual cluster of RBy, denoted by C7, is
defined as the set of the vertices whose current interested RB
index is k, i.e., Cj; = {V;|0(V;) =k, V; € V}.

The basic idea of the proposed interference-aware graph-
based resource-sharing algorithm is to iteratively gather ver-
tices from the virtual clusters into the corresponding clusters
of the same RB, taking both the interference and cluster values
into account to guarantee that the cluster value of each cluster
is maximized.

As described in Algorithm 1, which is shown in Table I, at
the start of the resource assignment process, the interference-
aware graph that indicates the current situation of the vehic-
ular network is constructed based on the channel and identity
information collected from the V2I and V2V communication
links by the RSU. The parameters of the interference-aware
graph are initialized as follows: Calculate each edge weight
Ey, v, with V;, V; € V, and V; # V. Initialize each vertex’s
individual 1nformat10n ie., L(V;) and 0(V;),and set 7(V;) =0
with V; € V. Set C;, = ®, where ® represents an empty set, and
v;(Cr) = v.(Cx) = 0, with k € K. Initialize Cj; = {V;|0(V;) =
k,V; € V}, with k € K.
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Considering the cluster Cp of RBj, we first select a
vertex V* from the virtual cluster C; to satisfy V* =
arg miny,ecx vi(Cr, U{Vi}). Note that, if C; = @, the selected
vertex should be the vertex that can achieve the largest
cluster value in Cy, ie., V* =arg Inax ve(Cr U{Vi}). By

v k

comparing the cluster value v.(Cy) with v.(Cp U{V*}), if
ve(Cr U{V™*}) > v.(Ck), add V* into Cy, i.e., Cy, = Cr J{V "},
and set 7(V*) = k and §(V*) = 0; otherwise, delete the first
index in £(V*) and update §(V*) and all the virtual clusters.
Note that, whenever the individual information of a vertex in the
interference-aware graph changes, the virtual clusters should
correspondingly be updated. This iterative RB assignment pro-
cess cycles until all the virtual clusters are empty, i.e., C; = @,
with k£ € K. Finally, the RB assignment solution is composed
of {7(V;)|V; € V}. The RSU announces the RB assignment
solution to the corresponding communication links; then, the
V2I and V2V communication links can perform their individual
data transmission on the allocated RBs.

C. Complexity Analysis

According to Algorithm 1, as shown in Table I, the proposed
interference-aware graph-based resource-sharing algorithm is
processed in an iterative manner. Different initial states of the
interference-aware graph constructed based on the current in-
formation of the communication links in the vehicular network
will lead to a different number of iterations to obtain the final
RB assignment solution and, thus, different computational com-
plexity of the proposed algorithm. Thus, here, we simply focus
on the worst case complexity of the proposed interference-
aware graph-based resource-sharing algorithm, which can suf-
ficiently verify the efficiency of the proposed algorithm in
reducing the complexity compared with the optimal resource-
sharing scheme formulated in (5) and (6) with an exhaustive
searching algorithm to obtain the optimal RB assignment so-
lution. Based on the procedure of the proposed interference-
aware graph-based resource-sharing algorithm, the worst-case
complexity can easily be calculated when considering the case
that all the communication links experience all the virtual
clusters and is given as

o ((M+N+ 1)(M+N)K>

(14)

Caware - 2
where we treat the computational complexity of the problem
to find a maximum or minimum value from a cluster with
N values as O(N). Compared with the complexity of the
optimal resource-sharing scheme calculated in (7), the proposed
interference-aware graph-based resource-sharing algorithm can
effectively reduce the computational complexity to obtain the
RB assignment solution.

IV. INTERFERENCE-CLASSIFIED GRAPH-BASED
RESOURCE-SHARING SCHEME

Based on the simulation results in Section V, we can see that
the proposed interference-aware graph-based resource-sharing
scheme can effectively assign the RBs to the V2I and V2V
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communication links and achieve a near-optimal performance
in terms of the sum rate compared with the optimal solution
formulated in (5) and (6). However, the construction of the
interference-aware graph demands all the channel information
of the communication and interference links, leading to a
significant communication overhead. Therefore, in this section,
we propose an interference-classified graph-based resource-
sharing scheme in which the interference graph is constructed
without the need of accurate interference channel information;
instead, we use the classified interference based on the rela-
tive geographic location of different communication links. As
illustrated in Fig. 3, the relative geographic location of two
communication links can be divided into eight cases, mainly
according to whether the receiver of one communication link is
located within the interference range of the transmitter of the
other communication link. In Fig. 3, parameters R, and R,
represent the interference radius of the RSU and the vehicle,
respectively. Note that, compared with the interference channel
information, the relative geographic location of two commu-
nication links can easily be determined only by the current
locations of the vehicles and the interference radii R, and R,,,
which are predefined, leading to a much lower communication
overhead.

A. Interference-Classified Graph Construction

Similar to the interference-aware graph, in the interference-
classified graph, denoted by G;. = (V, &;.), each vertex in the
vertices set V represents a V2I or V2V communication link,
and each edge, which connects two vertices, in the edge set &;.
has a weight that characterizes the potential mutual interference
between the two vertices. Each vertex, which is denoted by
Vi, with ¢ =1,2,..., M 4+ N, has four individual attributes,
i.e., the link attribute, the resource attribute, the cluster attri-
bute, and the neighbor attribute, where the link attribute, the
resource attribute, and the cluster attribute are defined similar to
those in the interference-aware graph. The neighbor attribute of
vertex V;, which is denoted by V;"“"? hbor is a set of the vertices
that are within the interference range of V.

Different from the edge weight in the interference-aware
graph that can accurately be calculated by the collected inter-
ference channel-state information, in the interference-classified
graph, we just classify the edge weight, which is denoted by
Wy, v,;, with V;, V; € V, and V; # V;, into four levels, i.e.,
no interference, medium interference, significant interference,
and infinity interference. The four interference levels between
two vertices in the proposed interference-classified graph are
classified based on the relative geographic location and the
identity information of the considered two communication links
and can be defined as follows.

* No interference. Neither receiver of the two communica-
tion links is located within the interference range of the
transmitter of the other communication link, i.e., the cases
shown in Fig. 3(a) and (e).

e Medium interference. Only one receiver of the two com-
munication links is located within the interference range
of the transmitter of the other communication link, i.e., the
cases shown in Fig. 3(b), (c), (f), and (g).
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Fig. 3. Different cases for the relative geographic location of two different communication links.

o Significant interference. Both the receivers of the two values of each edge in the proposed interference-classified
communication links are located within the interference graph, i.e., Wy, Wy, Ws, and W,,, which correspond to no
range of the transmitter of the other communication link, interference, medium interference, significant interference, and
and at least one of the two communication links is a V2V infinity interference, respectively. In addition, the four weight
communication link, i.e., the cases shown in Fig. 3(d) values are ranked as Wy < W, < Wy < W,,, which indicates
and (h). different degrees of the interference. Therefore, the edge weight

* Infinity interference. If both the considered communica- Wy, v, with V;, V; € V and V; # V; can be given as
tion links are V2I links, the interference between them

should be set to infinity or equal to a sufficiently large Wo, VgV cighbor 'y g yneighbor
value to guarantee our assumption that resource sharing Wi, IfV¢ V;wighbor’ Ve Vineighbor
among different V2I communication links are forbidden. Wy — orV € nge'ighb()’!" v, ¢ V;fbe.ighbor 15)
The aforementioned analysis is performed for every pair of Ws, IfV; e V;Lewhb‘”, V; € Vz.”mghbor
the vertices in the graph to determine the interference level of andV; € BorV; € B
each corresponding edge. There are only four possible weight Wy, IfV;e AandV; € A
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Fig. 4.

Tllustrative example of an interference-classified graph.

Then, the example of the interference-aware graph shown in
Fig. 2 can be transformed into an interference-classified graph
as shown in Fig. 4 based on the scenario in Fig. 1.

B. Interference-Classified Graph-Based Resource-Sharing
Algorithm

Based on the constructed interference-classified graph,
we propose an interference-classified graph-based resource-
sharing algorithm. We also employ the concept of the in-
terference value and the virtual cluster, which were defined
in Section III-B, in this interference-classified graph-based
resource-sharing algorithm. Note that the mutual interference
in the interference-classified graph, i.e., the edge weight, can-
not distinguish different channel responses on different RBs.
Therefore, we assume that the mutual interference between
two vertices V; and V; on RBy, which is denoted by W\IZ,VJ )
is an equal division of the corresponding edge weight, i.e.,
W v, =Wy, v, /K, with V;,V; €V, V; # Vj, and k € K.
Therefore, the interference value in the interference-classified
graph is given as

v;(Cr) =

k
Y Wiy,

Vi, V;€CL,Vi#V;

-y Men

Vi, Vi €C, Vi#V

(16)

As described in Algorithm 2, as shown in Table II,
the procedure of the interference-classified graph-based
resource-sharing algorithm is similar to the interference-aware
graph-based resource-sharing algorithm. After the construction
and initialization of the interference-classified graph, the itera-
tive resource assignment process starts. Considering the cluster
C;. of the RBy, we first select a vertex V* from the virtual cluster
C; to satisfy V* = arg ‘51161(111* v;(Cx U{Vi}). Note that there is

i€Ch

no cluster value concept in this algorithm due to the lack of the
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TABLE 1II
ALGORITHM 2: INTERFERENCE-CLASSIFIED GRAPH-BASED
RESOURCE-SHARING ALGORITHM

1. Construct the interference-classified graph and initialize the
parameters of the interference-classified graph.
* Calculate each edge weight Wy, v, with V3, V; € V and
Vi #Vj; '
* Initialize each vertex’s individual information, i.e., £(V;) and
6(V;), and set 7(V;) = 0 with V; € V;
* Set C, = @, where P represents an empty set, and v; (C) =0
with k € KC;
* Initialize Cff = {V; | (Vi) = k, V; € V} with k € K.
2. Repeat
* Select a vertex V* = arg Vmeig* v; (Cp U{Vi}) from the
€0k

virtual cluster Cj; with k € K:
o If | Ci |< Tie, then Cp, = Cy, U{V*}, 7(V*) = k, and
o(V*)=0;
e Else, delete the RB index k from all the current RB index
arrays £(V;), V; € Vand V; ¢ Cp, k € K.
* Update all the virtual clusters.
Until Cf UCsU---UCj = @.
3. The RB assignment solution is composed of {7(V;) | V; € V}.

accurate interference channel information. Therefore, we limit
the number of vertices in one cluster by a threshold 75, to avoid
too much vertices joining in one cluster, which may degrade
the system performance due to the increasing interference when
the number of a vertices in a cluster grows up. If |Cx| < T,
where |Cy| represents the current number of vertices in C,
add V* into Cy, i.e., Cr, = Cr, |J{V"*}, and set 7(V*) = k and
§(V*) = 0. Note that the RB index &k will be deleted from all
the current RB index vectors £(V;) with V; € V, V; ¢ Cy, and
k € K once |Cr| = T;.. Whenever the individual information
of a vertex in the interference-classified graph changes, the
virtual clusters should correspondingly be updated. In addition,
this iterative RB assignment process cycles until all the virtual
clusters are empty, i.e., C; = ®, with k& € K. Finally, the RB
assignment solution is composed of {7(V;)|V; € V}. The RSU
announces the RB assignment solution to the corresponding
communication links; then, the V2I and V2V communication
links can perform their individual data transmission on the
allocated RBs.

C. Complexity Analysis

According to Algorithm 2, shown in Table II, the worst case
complexity of the proposed interference-classified graph-based
resource-sharing algorithm can also be calculated when con-
sidering the case that all the communication links experience
all the virtual clusters and equal to that of the interference-
classified graph-based resource-sharing algorithm, i.e.,

a7

2

M+N+1)(M+ N)K
Cclassified =0 (( )( ) )

Note that, although the interference-classified graph-based
resource-sharing algorithm and the interference-aware graph-
based resource-sharing algorithm have the same worst case
complexity, the communication overhead of the interference-
classified graph-based resource-sharing algorithm is much
lower than that of the interference-aware graph-based
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TABLE 1II

SIMULATION PARAMETERS
Parameters Value
Channel Bandwidth W 20 MHz
Total RB number K 10
RSU’s Transmit Power p; 20 dBm
Vehicle’s Transmit Power py, 5 dBm
RSU’s Interference Radius R, 100 m
Vehicle’s Interference Radius R, 10 m

Path Loss Factor 3

Small Scale Fading Rayleigh fading coefficient

Noise Power Spectral Density -174 dBm/Hz
Noise Figure 5dB

The Threshold T, 3

Percentage of V2I Communication Links | 30%

0 km/h — 100 km/h
Autoregressive Model in [25]

Velocity of the Vehicles
Time Varying Channel Model
1 ms

Information Feedback Delay Tpeiay

resource-sharing algorithm, because the interference-classified
graph can be constructed without the detailed interference
channel-state information among different communication
links, which saves a lot of communication overhead. Thus,
the interference-classified graph-based resource-sharing algo-
rithm is more suitable to be implemented in practical vehicular
networks due to its low computational complexity and low
communication overhead.

V. SIMULATION RESULTS AND ANALYSIS

To evaluate the utility of the developed underlaying resource-
sharing communication mode and the proposed interference
graph-based resource-sharing schemes, we conduct the follow-
ing simulations. Consider a 20 m x 500 m rectangle area that
denotes the road, where the RSU is located at the center of one
of the long edges, and the vehicles are randomly distributed
within the area, with a random velocity of 0-100 km/h. The
detailed simulation parameters are presented in Table III.

Fig. 5 compares the network sum rate of the two proposed
interference graph-based resource-sharing schemes, the optimal
resource-sharing scheme that is an exhausted searching scheme
based on the optimization resource-sharing problem formulated
in (5) and (6), and the traditional greedy resource assignment
scheme that assigns the RBs to the communication links with
the highest transmission channel gain on the corresponding
RBs. Note that, in the traditional greedy resource assignment
scheme, each RB can be allocated to only one communication
link to guarantee the orthogonality of different data transmis-
sion links in the investigated vehicular network. In fact, this
greedy resource assignment scheme can be formulated based
on [9]. We generalize the optimal subcarrier allocation policy
for V2I communications in [9] to obtain the traditional greedy
resource assignment scheme by equivalently treating V2I and
V2V communication links. Based on Fig. 5, it is clear that
the proposed interference-aware graph-based resource-sharing
scheme can achieve an approaching performance compared
with that of the optimal resource-sharing scheme but has much
lower computational complexity to obtain an effective RB
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Fig. 5. Sum-rate performance with different resource management schemes.

assignment solution. In addition, compared with the traditional
greedy resource assignment scheme, in which resource sharing
by different communication links is forbidden, all the three
resource-sharing schemes have a significant performance gain
in terms of the sum rate, particularly when the traffic load
is heavy. This result verifies the utility of the proposed un-
derlaying resource-sharing communication mode for vehicular
networks.

However, based on Fig. 5, we should also note that, when
the number of the communication links is 10, i.e., equal to
the number of the RBs, the traditional greedy resource assign-
ment scheme achieves higher performance compared with the
interference-classified graph-based resource-sharing scheme.
This is because, in such a case, the traditional greedy resource
assignment scheme can always fully utilize all the RBs based
on the exact channel-state information of the communication
links, whereas the interference-classified graph-based resource-
sharing scheme assigns the RBs to the communication links
based on the classified interference level between different
communication links, which is not the exact channel-state
information of the interference links that may lead to a loss in
performance. This indicates that the advantage of the underlay-
ing resource-sharing communication mode does not effectively
appear when the number of the communication links is small.
However, for the optimal resource-sharing scheme, due to the
optimization resource-sharing problem formulated in (5) and
(6), the obtained sum rate will always be better than or at
least equal to that of the traditional greedy resource assignment
scheme.

As shown in Fig. 6, we compare the following two pro-
posed interference graph-based resource-sharing schemes, i.e.,
the interference-aware graph-based resource-sharing scheme
and the interference-classified graph-based resource-sharing
scheme, as well as the optimal resource-sharing scheme in
terms of the cumulative distribution function (cdf) of the SINR
at a heavy traffic load situation where the number of com-
munication links is 50. Based on Fig. 6, it is obvious that
the interference-aware graph-based resource-sharing scheme
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achieves better performance than the interference-classified
graph-based resource-sharing scheme due to the accurate
interference information of the interference-aware graph.
However, the interference-aware graph-based resource-sharing
scheme has much higher communication overhead than the
interference-classified graph-based resource-sharing scheme.
Therefore, the interference-classified graph-based resource-
sharing scheme is easier to implement into practical vehicular
networks. In addition, Fig. 6 illustrates the impact of the factor
T;. on the performance of the interference-classified graph-
based resource-sharing scheme. In Fig. 6, we can see that the
factor T;. will significantly influence the performance of the
interference-classified graph-based resource-sharing scheme.
Fig. 6 also clearly shows that a larger value of T;. will
degrade the performance of the interference-classified graph-
based resource-sharing scheme. This is because the larger
the value of T;. is, the higher the interference each RB’s
cluster has.

VI. CONCLUSION

This paper has investigated the resource-sharing problem in
vehicular networks, where both V2V and V2I communication
links coexist. A novel underlaying resource-sharing communi-
cation mode for vehicular networks has been proposed. More-
over, the corresponding resource-sharing problem has been
solved with low computational complexity by using the graph
theory, and two interference graph-based resource-sharing
schemes have been developed. The proposed interference-
classified graph-based resource-sharing scheme can signifi-
cantly reduce the communication overhead in the proposed
interference-aware graph-based resource-sharing scheme and,
thus, is more suitable for practical applications. Simulation
results have demonstrated that the proposed interference-aware
graph-based resource-sharing scheme can achieve near-optimal
performance in terms of the network sum rate, whereas the
proposed interference-classified graph-based resource-sharing
scheme can achieve suboptimal performance but still expresses
better network sum rate than the traditional orthogonal commu-
nication mode in vehicular networks.
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