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Abstract— With the surge service requirements from vehicular
users, especially for automated driving, providing real-time high-
rate wireless connections to fast-moving vehicles is ever demand-
ing. This motivates the development of the emerging LTE-V
network, a 5G cellular-based vehicular technology. However,
note that the vehicular user group is typically of a very large
scale, whereas the bandwidth spectrum available for vehic-
ular communications is very limited. To efficiently allocate
and utilize the slim spectrum resource to vehicle users are
therefore important. This paper develops a service priority
oriented spectrum allocation scheme in an LTE-V network, which
explores the features of vehicular networks toward economic
yet QoS guaranteed spectrum allocation. Specifically, the work
exploits two features of the vehicular networks. First, vehicles
in the proximity typically have similar information require-
ments, e.g., road conditions. As a result, the location-based
multicast (i.e., geocast) could be applied to save the spectrum.
Second, different types of vehicles, e.g., ambulances, buses, and
private cars, are of different bandwidth and service require-
ments. Therefore, differential services and spectrum allocations
should be applied. By jointly considering the above features,
we develop a 2-D service importance oriented framework for
LTE-V network spectrum allocations. The spectrum alloca-
tion issue is finally modeled as a mixed integer programming
problem to maximize the system utility, and solved using an
immune clonal based algorithm. The convergence of the proposed
algorithm is proved, and using numerical results, we show
that our proposal can outperform the typical heuristics-based
spectrum resource allocation in terms of convergence and average
delay.

Index Terms— Vehicular communication, LTE-V, spectrum
resource allocation, service importance evaluation, graph coloring
model, immune clonal.
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I. INTRODUCTION

AS PREDICTED, by 2020 the worldwide mobile traffic
alone will increase by 33 times as compared to that

of the 2010 figures [1], [2]. A great portion of traffic could
be contributed by the vehicular users, especially with the
emerging automated driving and media-rich vehicular infotain-
ment applications [3]. To enable the ubiquitous connections
to vehicles, the cellular based approach is still the most
scalable and practical approach, which motivates the emerging
LTE-Vehicle (LTE-V) networks [4]–[6].

LTE-based V2X was widely used as LTE-V in the Chinese
vehicular communications industry [7]. LTE-V technology,
considered to be one of the optimal choices for effective Intel-
ligent Transportation System (ITS) is widely acknowledged by
automobile manufacturers, vendors of automobile technologies
and parts, vendors of communication solutions, and telecom
operators. Compared with other ITS solutions, LTE-V technol-
ogy features low cost and rapid deployment since it can fully
utilize existing base stations around the world [8], as well
as providing V2I communications because of its high data
rate, high penetration rate, comprehensive QoS supporting, and
large coverage. Due to the limited spectrum resource yet the
large population of vehicles, a key issue in LTE-V networks is
how to efficiently allocate the precious spectrum resources to
meet the service requirements of vehicles [9]. Chen et al. [10]
develop an optimal packet schedule to allocate the resource
and formulate the problem as an integer linear program (ILP).
Li et al. [11] study joint congest control and resource opti-
mization to explore the energy efficiency (EE)-guaranteed
trade-off between throughput utility and delay performance,
and formulate the considered problem as a stochastic opti-
mization problem. To meet the service requirements of ITS,
Zheng et al. [12] propose an optimal computation resource
allocation scheme to maximize the total long-term expected
reward of the vehicular cloud computing (VCC) system by
taking advantage of the cloud computing technique.

Since the vehicular user group are of a large scale, similar to
the population of mobile phone users, yet the bandwidth spec-
trum available for vehicular communications is very limited,
great challenges are therefore brought to efficiently allocate
the slim spectrum resource to vehicle users towards the best
service quality. Therefore, it is of great importance to properly
allocate spectrum resource to satisfy various safety related
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and entertainment related applications for vehicles, and thus
enhance traffic safety of intelligence transportation systems
and improve the quality of experience of vehicular users.
However, few literature studies the spectrum resource allo-
cation in LTE-V networks, and majority of the existing works
concerning vehicular networks have focused on the resource
allocation without taking the diversity of vehicles and services
into consideration. However, in practical scenario, vehicles
with different types may request services with the same
priority, or vehicles with the same type may request services
with different priorities, for example, high priority vehicles
(e.g, police cars or ambulances), public buses and private
cars request real-time and safety-related services simultane-
ously, or several private cars request high priority services and
infotainment services simultaneously. Therefore, it is critical
to evaluate the service importance (SI) by jointly considering
the priority of vehicle (PoV) and priority of service (PoS) and
then allocate spectrum resource to those vehicles or services.
Moreover, most of existing works just focus on spectrum
allocation of cognitive radio instead of applying the cognitive
radio technology to vehicular communications. Different from
conventional resource allocation methods, available spectrum
allocation methods mainly include game theory [13]–[15],
auction mechanism [16]–[18] and graph coloring [19]–[21],
which are generally applied to the scenarios with relatively
static network topology and consume large computation.

In this work, we develop a two-dimensional priority table
including PoV and PoS to evaluate the SI. Considering the
interference between users, a graph coloring model is then
utilized. As for the spectrum allocation, based on artificial
immune system (AIS) that is a new intelligent method simu-
lating natural immune system and has enormous potential to
supply novel methods to solve complex resource allocation and
optimization issues [22], we propose a novel immune clonal
based spectrum allocation approach (IC-SRAA) to optimize
the utility for the spectrum allocation.

The major contributions of this paper are four-fold.

• Two-dimensional service importance evaluation: we clas-
sify both vehicles and services into three types respec-
tively and design a two-dimensional service importance
evaluation method by comprehensively considering the
vehicle priority and service priority, which, to the best of
our knowledge, has rarely been investigated in previous
literatures.

• Graph coloring model: in order to reuse the spectrum
resource of cellular base station at maximum efficiency,
we adopt the graph coloring model to avoid the inter-
ference between vehicles, where the process of spectrum
resource allocation is the process of coloring the vehicles.
Any two vertexes with a common edge cannot be colored
as the same color, by which interference between two
adjacent vehicles is avoided.

• Immune clonal algorithm: we formulate the spectrum
resource allocation problem as a mixed integer program-
ming (MIP) problem combined with the characteristic of
stochastic program. By exploring the special structure of
the formulated MIP and transforming the MIP gradually,

we propose a novel immune clonal algorithm and the
convergence of the proposed algorithm is proved.

• Validation: we conduct extensive simulations to verify
our proposed algorithm. Simulation results validate the
convergence and effectiveness of the algorithm and show
that our proposed algorithm outperforms the typically
genetic based spectrum resource allocation algorithm in
terms of convergence and delay, which contributes to the
improvement of safety in the road for ITS.

The rest of this paper is organized as follows. Section II
reviews more related work. In Section III, we present the
spectrum allocation problem and describe our system model
and proposed service importance evaluation method, intro-
duces the graph coloring model. And we propose an immune
clonal based algorithm to solve the spectrum allocation issue
in Section IV. Performance of our algorithm is evaluated in
Section V and Section VI concludes the paper with closing
remarks and presents the prospect of our future work.

II. RELATED WORKS

This section studies the related works on resource allocation,
especially on spectrum resource allocation, and some state-of-
the-art optimization algorithms to solve the resource allocation
issue.

As for the resource allocation and optimization,
W. Wu et al. [23] design an adaptive cross-layer resource
allocation algorithm and employ a stochastic optimization
model to maximize the network utility. And the problem of
stochastic optimization of resource allocation is decomposed
into two subproblems by the Lyapunov optimization theory,
associated with the flow control in transport layer and
the power allocation in physical (PHY) layer, respectively.
For avoiding the signaling overhead, outdated dynamic
information, and scalability issues, the distributed resource
allocation method is developed for solving the two
subproblems based on the primal-dual decomposition
theory. Zhang et al. [24] investigate the resource scheduling
for heterogeneous vehicular networks, where some moving
vehicles are selected and scheduled as helping relays to assist
information transmission between the roadside infrastructure
and other moving vehicles. For such a system, a mobile-
service based max-min fairness resource scheduling scheme
is proposed, where service amount which is more suitable
for high mobility scenarios is adopted to characterize the
information transmission capacity of the links and the
max-min criteria is adopted to meet the fairness requirement
of the moving vehicles.

Considering the high mobility of users, Karimi et al. [25]
present a novel LTE-based solution to support high through-
put and continuous multimedia services for high speed train
passengers. In order to accommodate the extreme channel
variations, a scheduling and resource allocation mechanism is
further proposed to maximize the service rate based on period-
ical signal quality changes. Liang and Zhuang [26] formulate
an optimal resource allocation problem which is transformed
into a single-machine preemptive scheduling problem with
integer request times, processing times, and deadlines. As the
service demands are not known a priori, an online resource
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allocation algorithm based on Smith ratio and exponential
capacity is proposed. If the link from the backbone network
to an infostation is a bottleneck, a service pre-downloading
algorithm is also proposed to facilitate the resource allocation.

Most of the existing resource allocation and optimization
issues are integer linear programs (ILPs) and they are also
NP-hard problems, which are not computable in polyno-
mial time with existing general time with existing general
solvers (e.g., MATLAB bintprog and brute-force method) [10].
Chen et al. transform the ILP into an equivalent binary linear
program (BLP) in [10]. Wu et al. [23] propose a dynamic
optimization method to decompose the optimization problem
into two subproblems, and by solving the two subproblems
respectively, the near-optimal solution is derived.

Other resource allocation methods such as game theory and
graph coloring are also the research focuses. Wei et al. [27]
propose a cloud resource allocation model based on an imper-
fect information Stackelberg game model (CSAM-IISG) to
solve resource allocation in the cloud computing environ-
ment, where CSAM-IISG is used to determine the price,
optimize the profit according to the current market situa-
tion quickly and flexibly, and achieve a Nash equilibrium.
Kang et al. [28] investigate price-based resource allocation
strategies for spectrum-sharing femtocell networks and then
a Stackelberg game is formulated to study the joint utility
maximization of the macrocell and femtocells.

As an intelligent method, graph coloring has became an
important technique to solve the resource allocation problem,
Bao et al. [29] propose an improved maximal weighted inde-
pendent set-based graph coloring spectrum allocation algo-
rithm that allocates spectrum to the nodes with maximal
weighted independent set and fully considers the differences
in spectral efficiency and interference spectral differences.
Tan et al. [30] propose a graph theory based dynamic sub-
band allocation technique to avoid downlink interference in
a macrocell-femtocell overlay network. The cells and their
mutual interference are modeled as graph elements, nodes
and weighted edges, respectively. To maintain a tolerable
interference level, the total bandwidth is divided into a number
of sub-bands, and these are assigned to the femtocells using a
graph coloring algorithm.

III. SYSTEM DESCRIPTION

This section describes the considered system including the
system model, the two-dimensioned service importance eval-
uation, the graph coloring model and the spectrum allocation
problem formulation. For convenience, the main notations
used throughout this paper are summarized in Table I.

A. System Model
We consider a LTE-V communication scenario where a

cellular network supports on-demand data service delivery to
moving vehicles. As shown in Fig. 1, different kinds of vehi-
cles request on-demand data services through the cellular link.
Suppose that the total spectrum resource M is divided into M
spectrum resource blocks (SRBs), Let M = {1, 2, 3, · · · , M}
denote the set of SRBs and N = {1, 2, 3, · · · , N} denote
the set of N vehicles. The cellular network is assumed to

TABLE I

MAJOR NOTATIONS

Fig. 1. System model.

be operated in slotted time, with time-slots normalized to
integer values t ∈ T = {0, 1, 2, · · · , T }. Let (xn(t), yn(t))
be the position of vehicle n (n ∈ N) at the beginning of time-
slot t . For simplicity, the spectrum allocation is assumed to
be operated at the beginning of each time-slot and remain
unchanged during the current time-slot.
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Let B denote the total bandwidth corresponding to the
spectrum resource M, let Bm denote the allocated bandwidth
resource for spectrum resource block m, and let the binary
variable an,m(t) indicate the allocation of SRB m to vehicle n
at time-slot t , which is 1 when SRB m is allocated to vehicle n
or 0 when it is not allocated to vehicle n. Without loss of
generality, and under the framework of the Shannon formula,
the theoretical transmission rate between cellular base station
and vehicle n (n ∈ N) at time-slot t is adopted and can be
represented as

un,m(t) = an,m(t)Bn(t)log2(1 + �n

Bn(t)N0
), (1)

where N0 is the power spectral density of additive white
Gaussian noise, and �n is the received power of vehicle n,
which is defined as

�n = Pt Gt Gr
h2

t h2
r

dα
n L

, (2)

where Pt is the transmission power of cellular base station,
Gt and Gr are the transmission and reception antenna gains
respectively, ht and hr are the transmission and reception
antenna length respectively, L is the loss coefficient of the
system, dn denotes the distance between cellular base station
and vehicle n, and α represents the path loss exponent.

B. Two-Dimensional Service Importance Evaluation

Since vehicles with different types may request different
services and the limited spectrum resource should be first
allocated to vehicles or services with high priority, SI should
be evaluated first by jointly considering the classes of vehicles
and services. In this paper, services and vehicles are both
classified into three classes as a function of their attributes.
Let V

1, V
2 and V

3 (V1 ∪ V
2 ∪ V

3 = N) denote the
sets of emergency-related vehicles (e.g., ambulance, police
car and fire truck), public-related vehicles (e.g., bus) and
private-related vehicles (e.g. car and truck), respectively. Let
S

1, S
2 and S

3 denote the sets of real-time services related to
traffic safety, real-time services related to non-safety and non-
real-time services, respectively. For each vehicle n (n ∈ N)
and request service s (s ∈ S

1 ∪ S
2 ∪ S

3), their priorities are
formulated as

p1
n =

⎧
⎨

⎩

1, n ∈ V
1,

2, n ∈ V
2,

3, n ∈ V
3.

(3)

p2
s =

⎧
⎨

⎩

1, s ∈ S
1,

2, s ∈ S
2,

3, s ∈ S
3.

(4)

where p1
n and p2

s represent the values of PoV and PoS,
respectively, 1 indicates the highest priority, 3 indicates the
lowest. Due to the diversity of services and vehicles, it is
necessary to evaluate the service importance by jointly con-
sidering PoV and PoS. We assume that the priority of vehicle
is more important than that of service. And three rules for
comprehensively evaluating service importance are adopted:
1) the higher the PoV, the greater the SI, 2) the SI of the real-
time services related to traffic safety is higher; 3) with the

TABLE II

TWO-DIMENTIONAL SI EVALUATION-I

TABLE III

TWO-DIMENTIONAL SI EVALUATION-II

same PoV, the higher PoS, the greater the SI. Accordingly,
we reference the priority table based real-time scheduling
method used in operation system, the evaluation of SI pn,s

is formulated as

pn,s = (γ (p1
n − 1 − μ) + 2 p2

s − 2)
p1

n + μ

2
+ p1

n, (5)

μ =
⌊

p2
s − 2

γ

⌋

, (6)

where γ is a weighing factor reflecting the preference to
the PoV, �·� denotes the floor function, p1

n and p2
s represent

the values of PoV and PoS, derived from Eq. 3 and Eq. 4,
respectively. In this paper, we set γ = 1, then the representa-
tion of service importance pn,s is formulated as

pn,s = (p1
n + p2

s − 1)
p1

n + p2
s − 2

2
+ p1

n. (7)

According to Eq. 7, a two-dimensional SI table can be
easily obtained as shown in Table II, now we adjust the
table according to the rule that SI of the real-time services
related to traffic safety is higher, and note that SI has 9 levels,
i.e., pn,s ∈ {1, 2, 3, 4, 5, 6, 8, 9, 13}, 1 indicates the most
important SI. For simplicity, we let the value of 8, 9 and 13
be replaced by 7, 8 and 9, respectively, which is presented
in Table III.

C. Graph Coloring Model

After the evaluation of SI, spectrum resource should be first
allocated to the vehicles with smaller SI value and optimized
spectrum resource allocation algorithm should be performed
at the same time so that the LTE-V system benefits most.
In order to improve the spectral efficiency, vehicles must reuse
the spectrum resource, which will induce interference between
vehicles. In this paper, a graph coloring model is proposed to
avoid interference, as illustrated in Fig. 2. We assume that all
vehicles are equipped with cognitive radios that are enabled to
implement various functionalities, including frequency agility,
transmit power control and access coordination, which ren-
der more efficient use of available spectrum [31]. The self-
interference, experienced at the cellular base station or a
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Fig. 2. Graph coloring model.

vehicle resulting from their transmission to their reception over
the same SRB, can be sufficiently suppressed by using existing
self-interference cancellation methods, such as the distributed
linear convolutional space-time coding (DLC-STC) [32], [33].
Let rn,m (n ∈ N, m ∈ M) denote the interference range
of vehicle n when using SRB m, which means that if two
vehicles (i and j ) use the same spectrum resource, vehicle i
will induce interference to vehicle j only when

ri,m + r j,m > di, j (t), (8)

where di, j (t) =
√

(xi (t) − x j (t))2 + (yi (t) − y j (t))2 is the
distance between vehicle i and vehicle j at time-slot t .
We assume that no co-channel interference exists if two
vehicles satisfy Eq. 8.

We model the spectrum resource allocation as graph color-
ing, where the process of spectrum resource allocation is the
process of coloring the vehicles. We represent the sensed net-
work topology as an undirected conflict graph G = (V , S, E),
where V = {vn|n = 1, 2, 3, · · · , N} is vertex set, with
each vertex representing a vehicle; S denotes the color list
representing the color of each vertex, i.e., available spectrum
resource; E = {ei j |i, j = 1, 2, 3, · · · , N} is the undirected
edge set, where ei j = 0 represents the disconnection between
vehicle i and vehicle j and they can use the same spectrum
resource, ei j = 1 represents the connection between vehicle i
and vehicle j and they cannot use the same spectrum resource.
Therefore, the coloring condition corresponding to available
spectrum resource allocation can be described as: when two
vertexes have a common edge colored as m (i.e., spectrum
resource m), the two vertexes cannot be colored as m simul-
taneously (i.e., two vehicles cannot use the same spectrum
resource m).

D. Problem Formulation

Since different vehicles can obtain different spectrum
resource, we consider a SI-and-rate based utility function
for the LTE-V communication. The purpose of the spectrum
allocation is to maximize the utility of the whole network.
According to the graph coloring model, spectrum resource
allocation can be modeled as the following matrixes: Leisure
Matrix (L), Benefit Matrix (B), Constraint Matrix (C) and
Allocation Matrix (A). The definitions of those matrixes are
as follows.

Definition 1: Leisure Matrix (L) is defined as the available
spectrum resource not occupied by any vehicle, whether a
SRB is available to a vehicle at time-slot t can be represented
by L(t), and is denoted as

L(t) = {ln,m(t)|ln,m(t) ∈ {0, 1}}N×M , (9)

where ln,m(t) indicates the availability of SRB m to vehicle n,
which is 1 when m is available to n or 0 when m is not
available to n.

Definition 2: Benefit Matrix (B) is the benefit vehicle gets,
denoted as

B(t) = {bs
n,m(t)|n ∈ N, m ∈ M, s ∈ S

1 ∪ S
2 ∪ S

3}N×M , (10)

where bs
n,m(t) denotes the benefit vehicle n with request

service s obtains at time-slot t when SRB m is allocated
to it. In this paper, the benefit is represented by the SI-and-rate
based utility function, which is defined as

bs
n,m(t) = 1

pn,s
ln(un,m(t))

= 2(an,m(t)Bn(t)log2(1 + �n
Bn(t)N0

))

(p1
n + p2

s − 1)(p1
n + p2

s − 2) + 2 p1
n
, (11)

where �n denotes the received power of vehicle, which is
defined as Eq. 2. It is obvious that bs

n,m(t) equals 0 when ln,m

equals 0.
Definition 3: Constraint Matrix (C), also named interfer-

ence matrix, indicates the interference between vehicles, which
is denoted as

C(t) = {cn,k,m(t)|cn,k,m(t) ∈ {0, 1}, n, k ∈ N,

m ∈ M}N×N×M , (12)

where cn,k,m(t) indicates the interference between vehicle n
and vehicle k when using the SRB m simultaneously at time-
slot t , which is 1 when interference exits or 0 when no
interference exits. C(t) is determined by available spectrum
resource and distance between vehicles. It is noted that when
n = k, we have cn,n,m(t) = 1 − ln,m(t), and interference
exits only when SRB m is available to vehicle n and vehi-
cle k simultaneously at time-slot t . Accordingly, from Eq. 8,
we have

cn,k,m(t) =
⎧
⎨

⎩

0, rn,m + rk,m ≤ dn,k(t), n �= m,
1, rn,m + rk,m > dn,k(t), n �= m,
1 − ln,m(t), n = m.

(13)

s.t . cn,k,m(t) ≤ ln,m(t) + lk,m(t). (14)

Definition 4: Allocation Matrix (A) is the available spec-
trum resource allocated to vehicles with no interference, and
is denoted as

A(t) = {an,m(t)|an,m(t) ∈ {0, 1}, n ∈ N, m ∈ M}N×M , (15)

where an,m(t) denotes the allocation of SRB m to vehicle n at
time-slot t , which is 1 when SRB m is allocated to vehicle n
or 0 when it is not allocated to vehicle n. And A must meet
the no interference constrain defined by C as

an,m(t)ak,m(t) = 0, cn,k,m(t) = 1, ∀n, k ∈ N,∀m ∈ M. (16)
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According to the definition and analysis above, there exits
not only one Allocation Matrix A that meet the constrains. For
a certain A, the profit brought by the allocation for vehicle n
requesting service s at time-slot t can be characterized by the
utility of SI and transmission rate, which is given by

Urn (t) =
M∑

m=1

an,m(t)bs
n,m(t), (17)

then the overall benefit of the LTE-V communication is
characterized by

UR(t) =
N∑

n=1

M∑

m=1

an,m(t)bs
n,m(t), (18)

where R is the vector of the SI-and-rate based utility for all
vehicles. To maximize the average SI-and-rate based utility of
the LTE-V communication, the spectrum resource allocation
and optimization problem can be formulated as

(P1) max UR = 1

T

T∑

t=0

N∑

n=1

M∑

m=1

an,m(t)bs
n,m(t)

s.t . 1-C1 :
N∑

n=1

M∑

m=1

an,m(t)Bn(t) ≤ B, ∀t ∈ T

1-C2 : cn,k,m(t) ∈ {0, 1}, ∀n, k ∈ N, m ∈ M

1-C3 : A(t) = {an,m(t)|an,m(t) ∈ {0, 1},
n ∈ N, m ∈ M}N×M , (19)

where the detailed expression and constrains of 1-C2 are
formulated as Eq. 13 and Eq. 14.

In the formulated optimization problem P1, B denotes the
maximum bandwidth corresponding to the spectrum resource.
1-C2 describes the interference between vehicles from the
perspectives of position and spectrum resource. 1-C3 ensures
that no interference will be brought under the condition that
two vehicles use the same SRB simultaneously and interfer-
ence exits from the perspective of position. 1-C2 and 1-C3
jointly ensure that SRBs can be allocated to vehicles with no
interference.

Problem P1 is a mixed integer programming (MIP) prob-
lem combined with the characteristic of stochastic program,
which cannot be solved efficiently [3], [26]. For simplicity,
we assume the spectrum resource allocation is independent
in each time-slot, so the spectrum resource allocation is only
considered in one time-slot. Therefore, problem P1 can be
reformulated as

(P2) max UR =
N∑

n=1

M∑

m=1

an,mbs
n,m

s.t . 2-C1 :
N∑

n=1

M∑

m=1

an,m Bn ≤ B

2-C2 : cn,k,m ∈ {0, 1}, ∀n, k ∈ N, m ∈ M

2-C3 : A = {an,m |an,m ∈ {0, 1},
n ∈ N, m ∈ M}N×M , (20)

where 2-C1, 2-C2 and 2-C3 are converted from 1-C1, 1-C2 and
1-C3 in Eq. 19 excluding the time-slot variable t , respectively.

IV. PROPOSED SPECTRUM RESOURCE

ALLOCATION ALGORITHM

It is impossible to solve the optimization problem P2 in
polynomial time, because it is modeled as a MIP problem,
which has been shown to be NP-hard [3], [34]. In order to
solve P2, we first divide the continuous bandwidth resource
into discrete bandwidth resource blocks (BRBs), with each
BRB mapping to a SRB. Then we propose an immune clonal
based intelligent algorithm to solve the spectrum resource allo-
cation problem. What follows, we will present our proposed
scheme in detail.

A. Bandwidth Resource Mapping
In order to reduce the complexity of the problem P2, in our

work, we divide the continuous bandwidth resource into M
discrete BRBs, with each size of B/M and each BRB mapping
to a SRB. Therefore, the allocation of bandwidth resource
comes down to the allocation of spectrum resource. Then
problem P2 can be reformulated as

(P3) max UR =
N∑

n=1

M∑

m=1

an,mbs
n,m

s.t . 3-C1 : cn,k,m ∈ {0, 1}, ∀n, k ∈ N, m ∈ M

3-C2 : A = {an,m |an,m ∈ {0, 1},
n ∈ N, m ∈ M}N×M , (21)

where 3-C1 and 3-C2 are the same as 2-C2 and 2-C3 in Eq. 20,
respectively.

B. Artificial Immune System
The spectrum allocation problem P3 can be described as:

given the L, B and C , how to find the optimal A for maxi-
mizing UR . Motivated by the artificial immune system (AIS),
we propose an immune clonal algorithm to solve the spectrum
allocation problem P3 in this paper. AIS is a new intelligent
optimization method simulating natural immune system, and
it has the ability to solve complex problems and is becoming
another research hot point in the artificial intelligent tech-
niques after neural network, fuzzy system, and evolutionary
computation [22]. In order to describe the algorithm explicitly,
we define the terms as follows.

1) Antigen: In immunology, an antigen is any substance that
causes the immune system to produce antibodies against it.
In this paper, the antigen is defined as the objective func-
tion UR .

2) Antibody: In immunology, B cells, T cells, and antigen-
specific lymphocytes are generally called antibodies. In this
paper, an antibody is a representation of a candidate solution
of P3.

3) Antibody Population: A antibody population consists of
several antibodies, and the number of antibodies a population
consists of is the scale of the population.

4) Fitness: Fitness value is the value of the objective
function. Each antibody has a fitness value, which represents
whether the antibody is suitable to be the final solution. The
higher the fitness value, the more suitable is the antibody as
the final solution. In this paper, the fitness value is the utility
function of the LTE-V communication, i.e., the value of UR .
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5) Population Coding: How to use the antibody to represent
the resource allocation result and how to acquire the resource
allocation result from an antibody are very important. In this
paper, binary coding is used to represent the elements in A.

6) Fitness Evaluation: Calculate the fitness value (i.e., the
value of objective function UR) for each antibody.

7) Clone Operation: Create more of the same antibodies
using one antibody. In this paper, it means creating more of
the same A.

8) Mutation Operation: Change the value of some genes of
an antibody, which adjusts the resource allocation result in a
small extent. In this paper, it means changing the value of a
randomly picked element in A.

9) Population Updating: Use antibodies with high fitness
values to replace antibodies with low fitness values.

C. Immune Clonal Based Spectrum Resource Allocation

In this section, we describe the proposed immune clonal
based spectrum resource allocation algorithm which is similar
to the genetic algorithm [35]. In the algorithm, the initializa-
tion, modification of A, population coding, fitness evaluation,
judgement of termination condition, clone operation, mutation
operation, and population updating operation are described as
follows.

1) Initialization: Initialize the iterative number g:=0, gen-
erate the initial population P(g) randomly as

P(g) = {P1(g), P2(g), ..., Ps ′(g)}, (22)

where s′ denotes the size of the population. A memory unit
MU(g) with the size of t ′ is set and initialized void. Binary
encoding is adopted for each antibody. The length of each
antibody is formulated as

l =
N∑

n=1

M∑

m=1

ln,m , (23)

namely, l represents the number of none-zero elements in L.
And each antibody represents a possible allocation scheme.
At the same time, record n and m that meet ln,m = 1 in L
respectively. Then store them in L1 in the form of n increasing
first, m increasing later. Namely, L1 = {(n, m)|ln,m = 1},
obviously, there are l elements in L1.

2) Mapping of Antibody Representation to Spectrum Allo-
cation Scheme: Map each bit j (1 ≤ j ≤ l) of each antibody
Pi (g) (1 < i < s′) in the antibody population to the element
an,m in A, where the value of (n, m) is the j th element j
(1 ≤ j ≤ l) in L1. Then, the corresponding A is a possible
allocation scheme.

3) Modification of A: The interference matrix C must be
taken into consideration for the allocation solution. Based
on C , we first need to modify L. The process of the mod-
ification is described as: for arbitrary m, if cn,k,m = 1, then
check whether the two elements ln,m and lk,m are both equal
to 1. If so, set one of the two elements as 0, with another
unchanged. After the interference handling, the modified L
becomes the feasible solution A. At the same time, map the
corresponding antibody representation and update P(g).

4) Fitness Evaluation: Since the purpose of spectrum allo-
cation is to maximum the utility of the LTE-V communication,
we regard UR as the fitness function. We first calculate
the fitness of each antibody in P(g) and sort the results in
descending order, then update MU(g) with t (t ′ < s′) high-
fitness antibodies (if MU(g) is empty, store the t ′ antibodies in
MU(g) directly; otherwise, conduct replacement according to
the values of fitness, ensuring that the t ′ antibodies with the
most high fitness are remained). Accordingly, the allocation
solution A corresponding to the antibody with the most high
fitness in MU(g) is the optimal spectrum allocation solution.

5) Judgement of Termination Condition: If reach the termi-
nation generation gmax, map the antibody with the most high
fitness value in MU(g) to the form of A, i.e., the optimal
spectrum allocation is obtained; Otherwise, go to step 6).

6) Clone Operation: The clone operation T C
c on the anti-

body population P(g) is defined as

P′(g) = T C
c (P(g)) = [T C

c (P1(g)), · · · , T C
c (Pt ′(g))]T . (24)

The specific clone operation is described as follows. Assuming
the selected t ′ antibodies are sorted in descending order
as P1(g), P2(g), · · · , Pt ′(g), then the number of antibodies
cloned from the qth antibody Pq(g) (1 ≤ q ≤ t ′) is formulated
as

Nq = Int (
nt f (Pq (g))

c(Pq (g))

t ′∑

h=1
f (Ph(g))

), (25)

where Int (a) denotes the ceil function (the smallest integer
greater than or equal to a), f (·) denotes antibody fitness,
nt > t ′ is a control parameter, c(Pq (g)) denotes the antibody
concentration of antibody Pq(g), which is formulated as

c(Pq (g)) =
t ′∑

h=1

S(Pq (g), Ph(g)), (26)

where S(·) denotes the set of the similar antibodies, which is
defined as

S(Pq (g), Ph(g)) =
{

1, d(Pq(g), Ph(g)) < θ,
0, otherwi se.

(27)

where d(·) denotes the Hamming distance, θ is a threshold.
The above equations show that the greater fitness value of

antibody and the less antibody concentration, the larger the
clone scale.

After the clone operation, the population is denoted as

P′(g) = {(P′
1(g)), (P′

2(g)), · · · , (P′
t ′(g))}. (28)

7) Mutation Operation: The mutation operation on the
population after cloning P′(g) with the probability of pm can
be described as

p(P ′
i (g)→ P ′′

i (g))=(pm)d(P ′
i (g),P ′′

i (g))(1− pm)(l−d(P ′
i (g),P ′′

i (g)))

(29)

where l denotes the coding length of antibody. As far as the
binary representation is concerned, mutation operation makes
some elements inverse with the probability of pm (i.e., 1 → 0
or 0 → 1).
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After the mutation operation, the population is denoted as

P′′(g) = {(P′′
1(g)), (P′′

2(g)), · · · , (P′′
t ′(g))}. (30)

8) Population Updating Operation: In order to maintain

the stability of population scale s′, if
t ′∑

q=1
Nq < s′, randomly

generate s′−
t ′∑

q=1
Nq new antibodies for supplement; otherwise,

select the first s′ antibodies to form a new antibody population,
which is denoted as P(g+1) = T C

u (P′′(g)). Then go back into
step 2).

Proposition 1 (Convergency): The proposed algorithm con-
verges with probability 1. Let B∗ denote the global opti-
mal solution, ϑ(P) denote the number of optimal solutions
contained in population P, then for arbitrary initial state P0,
the following equation holds

lim
g→∞ p{P(g) ∩ B∗ �= ∅|P(0) = P0}

= lim
g→∞ p{ϑ(P(g)) ≥ 1|P(0) = P0} = 1. (31)

Proof: Please refer to appendix. �

V. SIMULATION AND NUMERICAL RESULTS

In this section, we present some simulation results to
discuss the system performance of our proposed IC-SRAA
with respect to iterations, number of vehicles, ratio of SRBs
to the number of vehicles, size of population and convergence.
For comparison, we also simulate the genetic based spec-
trum resource allocation algorithm (G-SRAA) as benchmark
scheme. We first outline the simulation setup. Then, we give
and discuss the simulation results.

A. Simulation Scenario and Parameter Configurations
We simulate the LTE-V communication scenarios as shown

in Fig. 1, where N vehicles are within the coverage area of
one cellular base station. We assume that the total spectrum
resource reserved for LTE-V communications is B. In order
to better evaluate the impact of various parameters on the
system performance, we define ϕ as the ratio of the number
of SRBs M to the number of vehicles N . The vehicles are
initially randomly positioned on the road, and the values of
PoV and PoS of each vehicle are randomly generated from
the set {1, 2, 3}. Since we have converted the problem P1 to
problem P3 that can be solved in any time-slot, for simplicity,
we just simulate the performance in one time-slot. The detailed
parameter settings are listed in Table IV.

B. SI-and-Rate Based Utility of the LTE-V Communication
We first compare the performance of system utility and

average utility under different number of vehicles, SRBs
(i.e., different ϕ) and population size, as shown in Fig. 3,
Fig. 4, Fig. 5 and Fig. 6. In Fig. 3 and Fig. 4, we give
the results for system utility and average utility varying with
ϕ from 1 to 4 and iteration from 0 to 1500 when we fix
N = 30 and s′ = 20. The results for ϕ = 1, ϕ = 2, ϕ = 3
and ϕ = 4 are described by the black (solid), red (dash),

TABLE IV

SIMULATION PARAMETERS

Fig. 3. System utility under different ϕ.

Fig. 4. Average utility under different ϕ.

blue (dot) and magenta (dash dot) lines respectively. Both
the figures indicate that the system utility and average utility
increase with the increase of iterations. And at the beginning
of the iterations, the utilities increase rapidly. The season is
that the proposed IC-SRAA algorithm performs the mutation
operation and generates optimal population for the allocation
scheme. Fig. 3 depicts the system utility varying with ϕ
and iterations. Larger ϕ means higher system utility, and it
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Fig. 5. System utility for different values of N over iterations.

Fig. 6. The impact of s′ on average utility and convergence speed.

means that if we divide the total spectrum resource to more
resource blocks, more utilities the system can achieve. The
reason is that once the total spectrum resource is fixed, more
resource blocks means that the size of each resource block is
very small and the discrete variable B/M in problem P3 can
be equivalent to the continuous variable Bn in problem P1,
which means that the optimal solution for problem P3 is more
closer to the optimal solution in problem P1. Fig. 4 depicts
the average utility varying with ϕ and iterations. Since the
average utility is the ration of system utility to the number of
vehicles, the variation tendency of four curves is the same as
that in Fig. 3.

Let s′ = 20 and ϕ = 2. Then, we reveal the variation
of the system utility for different number of vehicles over
iterations in Fig. 5. The results for N = 30, N = 40 and
N = 50 are described by the black (solid), red (short dash)
and blue (dash dot) lines respectively. Overall, the system
utility of the three curves all converge to their respective stable
values. Moreover, among the three values of the number of
vehicles, N = 40 has the highest system utility and N = 30
has the lowest system utility, while the system utility of
N = 50 between them, which means that the impact of
the number of vehicles on average system is irregular. The
reason is that, although more vehicles can lead to the increase
of system utility, the probability that interference is caused
between two adjacent vehicles also increases, especially when

Fig. 7. The convergence of proposed IC-SRAA compared with G-SRAA.

the number of vehicles exceeds a certain threshold, resulting
in that two or more adjacent vehicles cannot reuse the same
bandwidth resource blocks.

Let N = 30 and M = 30 (i.e., ϕ=1). Then we reveal how
the variation of population size s′ affects the average utility.
As shown in Fig. 6, the results for s′ = 20, s′ = 30, s′ = 40
and s′ = 50 are described by the black (solid), red (dash),
blue (dash dot dot) and magenta (dash dot) lines respectively.
The results from Fig. 6 indicate that the population size
has a significant affect on the convergence speed, i.e., the
larger the population size, the faster the convergence. The
reason why the increase of s′ can accelerate the convergence
is that larger scale of population can maintain the diversity
of antibodies thus increasing the opportunity that antibodies
evolute to optimal antibodies. Furthermore, it is clear that
the average utility increases as s′ increases, and when s′
increases to 30, 40 and 50, the optimal average utilities are
almost the same, which guides us that in order to reduce
computational complexity, for the given scale of the optimal
problem, choosing s′ = 30 is enough to obtain the optimal
solution.

C. Convergence of the Proposed Solution
Through evaluating the system utility, Fig. 7 shows the

convergence iterations for the proposed IC-SRAA compared
with the genetic based spectrum resource allocation algorithm
(G-SRAA). We fix N = 40, ϕ = 2 and s′ = 50. The results
for IC-SRAA and G-SRAA are described by the red (dot) and
black (dash dot) lines respectively. It can be generally observed
that the system utility of the proposed IC-SRAA converges
to the optimal value about 410 after iteration=403 while the
system utility of G-SRAA converges to the optimal value after
interation=687. This is because that the memory unit (MU )
is utilized to store t ′ antibodies with the highest fitness value
in our proposed IC-SRAA, which is conductive to the rapid
convergence of the proposed algorithm. Furthermore, there
is no crossover operation after the mutation operation in
IC-SRAA compared with the G-SRAA, which also accelerates
convergence. In addition, in the process of clone operation,
we adopt an adaptive clone method, where the antibody with
high fitness value and low concentration has a larger clone
scale. This adaptive clone method guarantees the diversity of
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Fig. 8. System throughput under different N and ϕ.

Fig. 9. Average throughput under different N and ϕ.

antibody population and avoids premature convergence which
will result in a local optimum.

D. Throughput and Spectrum Efficiency
In the third simulation set, we aim at demonstrating the

system throughput and spectrum efficiency of our proposal
when the optimal solution has been achieved and we fix
s′ = 50. Thus, we plot as in Fig. 8 and Fig. 9, the system
throughput and spectrum efficiency against ϕ for variable
number of vehicles. The simulation results in Fig. 8 show
that the system throughput for variable number of vehicles
(N = 30, N = 40 and N = 50) are improved as ϕ increases
in the beginning and maintain stable when ϕ reaches 5 and 6.
The reason is that as ϕ increases, the SI-and-rate based utility
of the LTE-V communication increases and obtains the optimal
solution as explained in subsection V-B for Fig. 3 and Fig. 4.
Hence, the system throughput increases correspondingly and
maintains stable as the system utility stay stable. Furthermore,
Fig. 8 plots the system throughput versus different number of
vehicles, which shows that the system throughput increases as
N increases. The reason is that our proposed algorithm reuses
the available spectrum resource as long as no interference
exits between two vehicles. More vehicles means that the

Fig. 10. Average delay for three different service types.

spectrum resource can serve more services thus resulting in the
increase of system throughput. Obviously, the increase of the
number of vehicles can prolong the system throughput. Since
the spectrum efficiency characterizes the throughput that can
be achieved over a given bandwidth, and the total bandwidth
is fixed in our simulation of 10 MHz, the variation tendency
of spectrum efficiency as shown in Fig. 9 is as the same as
that of system throughput as shown in Fig. 8.

E. Average Delay
In the fourth simulation set, we aim at revealing the average

delay for three different service types. We set s′ = 20, ϕ = 2
and N = 40. Fig. 10 shows the average delay of the proposed
IC-SRAA compared with G-SRAA for three different service
types. The results for IC-SRAA and G-SRAA are described
by green and blue bar graph respectively. For the horizontal
axis of Fig. 10, p1

n = 1 represents the real-time services
related to traffic safety, p1

n = 2 represents the real-time
services related to non-safety, p1

n = 3 represents the non-real-
time services. It can be generally observed that the average
delay of both IC-SRAA and G-SRAA for p1

n = 1 is around
10 ms, while the magnitude of average delay for p1

n = 3 is
in hundreds of milliseconds. This is due to the fact that the
services with higher priority or vehicles with higher priority
would be allocated to more SRBs for the purpose of obtaining
the maximal utility in our formulated optimization problem.
The real-time services related to traffic safety experience less
delay means that vehicles can receive information related to
traffic safety (such as, collision avoidance, accident report,
and warning information) in time, which greatly enhances
the traffic safety for the intelligence transportation system.
In addition, the proposed IC-SRAA outperforms G-SARR in
terms of the average delay, the reason is that the proposed
IC-SRAA achieves faster convergence than typically genetic
based algorithm, which reduces the average delay and thus
contributes to the improvement of safety in the road.

VI. CONCLUSION AND FUTURE WORKS

In this paper, we have focused on the spectrum resource
allocation for maximizing the utility of vehicles in LTE-V
scenario. Considering both vehicle priority and service priority,
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a two-dimensional service importance evaluation method has
been developed. By adopting a graph coloring model, the inter-
ference between two adjacent vehicles can be avoided and
spectrum resource of cellular base station can be reused
at maximum efficiency. We have formulated the spectrum
resource allocation problem as a mixed integer program-
ming (MIP) problem combined with the characteristic of
stochastic program and proposed a novel IC-SRAA algorithm
to solve the MIP problem. Our proposed IC-SRAA would
improve the safety in the road because the services with higher
priority or vehicles with higher priority would be allocated
to more SRBs for the purpose of obtaining the maximal
utility in our formulated optimization problem. The real-time
services related to traffic safety experience less delay means
that vehicles can receive information related to traffic safety
(such as, collision avoidance, accident report, and warning
information) in time, which greatly enhances the traffic safety
for the intelligence transportation system. Moreover, we have
proved the convergence of the proposed algorithm theoretically
and validated the convergence through numerical simulations.
The simulation results have demonstrated that the proposed
algorithm achieves faster convergence than typically genetic
based algorithm, which also reduces the average delay and
thus contributes to the improvement of safety in the road.
In addition, the simulation results have shown the significant
impact of the number of vehicles, the ratio of SRBs to the
number of vehicles and the population size on the achieved
system throughput, system utility and spectrum efficiency.

For our future work, it would be interesting to extend our
proposal to provide QoS guarantee for each vehicle. And we
will jointly consider the power allocation of the cellular base
station.

APPENDIX

PROOF OF PROPOSITION 1

We define p0(g) as

p0(g) = p{ϑ(P(g)) = 0} = p{P(g) ∩ B∗ �= ∅}, (32)

then according to Bayes’ formula, we have

p0(g + 1)

= p{ϑ(P(g + 1)) = 0}
= p{ϑ(P(g + 1)) = 0|ϑ(P(g)) �= 0}p{ϑ(P(g)) �= 0}

+p{ϑ(P(g + 1)) = 0|ϑ(P(g)) = 0}p{ϑ(P(g)) = 0}. (33)

According to the definition of ϑ(P), we have

p{ϑ(P(g + 1)) = 0|ϑ(P(g)) �= 0} = 0, (34)

therefore

p0(g + 1) = p{ϑ(P(g + 1)) = 0|ϑ(P(g)) = 0}p0(g). (35)

We define ξ as

ξ = min
g

ϑ(P(g + 1)) ≥ 1|ϑ(P(g)) = 0, g = 0, 1, 2 · · · (36)

Then we get

p{ϑ(P(g + 1)) ≥ 1|ϑ(P(g)) = 0} ≥ ξ > 0, (37)

then we have

p{ϑ(P(g + 1)) = 0|ϑ(P(g)) = 0}
= 1 − p{ϑ(P(g + 1)) �= 0|ϑ(P(g)) = 0}
= 1 − p{ϑ(P(g + 1)) ≥ 1|ϑ(P(g)) = 0}
= 1 − ξ < 1. (38)

Therefore,

0 ≤ p0(g + 1) ≤ (1 − ξ)p0(g)

≤ (1 − ξ)2 p0(g − 1)

≤ · · ·
≤ (1 − ξ)g+1 p0(0). (39)

Since the following equations hold

lim
g→∞ (1 − ξ)g+1 = 0, (40)

0 ≤ p0(g) ≤ 1, (41)

Therefore, we have

0 ≤ lim
g→∞ p0(g) ≤ lim

g→∞(1 − ξ)g+1 p0(0) = 0, (42)

Therefore, we have the following equation as

lim
g→∞ p0(g) = 0. (43)

Accordingly, we have

lim
g→∞ p{P(g) ∩ B∗ �= ∅|P(0) = P0}

= 1 − lim
g→∞ p0(g)

= 1. (44)

Namely,

lim
g→∞ p{ϑ(P(g)) ≥ 1|P(0) = P0} = 1. (45)

Proposition 1 is thus proved.
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