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Self-Adaptive Clustering and Load-Bandwidth
Management for Uplink Enhancement 1n
Heterogeneous Vehicular Networks

Tianyu Wang, Member, IEEE, Xun Cao

Abstract—Due to the diversity of traffic scenes and high
mobility of vehicles, the propagation environment between
moving vehicles and road side access points can be highly
dynamic, which causes unstable uplink connectivity and time-
varying uplink data rates in vehicular networks. In this paper,
we study the uplink performance of heterogenous vehicular
networks, which integrate dedicated short-range communica-
tions (DSRCs) and Long Term Evolution vehicle-to-everything
(LTE V2X) into a single vehicular network to provide high reli-
ability, low latency, and wide area coverage. Here, we adopt a
cluster-based approach, in which DSRC and LTE are utilized
to provide vehicle-to-vehicle communications between vehicles
within a cluster and vehicle-to-infrastructure communications
between vehicles and access points, respectively. Specifically,
a self-adaptive clustering method is proposed based on the
iterative self-organizing data analysis technique algorithm, in
which the number of clusters can automatically adjust to the
optimal value according to the mobility information. Also, a
joint load-bandwidth management scheme is proposed to dis-
tribute traffic load and bandwidth resources between DSRC and
LTE. Simulation results show that the proposed algorithm out-
performs the traditional section-based and K-means clustering
methods, and a tradeoff between average uplink data rate and
signaling overhead can be achieved.

Index Terms—S802.11p, bandwidth allocation, clustering, het-
erogeneous vehicular networks (HetVNETS), load distribution.

I. INTRODUCTION

ECENTLY, major national governments and indus-
Rtrial organizations have begun to formulate policies
and implement large-scale demonstration to push forward
the development of intelligent transportation systems (ITSs)
industry. In the U.S., the National Highway Traffic Safety
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Administration issued a Notice of Proposed Rulemaking for
vehicle safety using vehicular communications [1], which is
expected to become an effective rule in 2019. In Europe, the
CAR-2-CAR Communication Consortium announces that the
cooperative ITS will start initial deployment in 2019 [2]. In
China, an area of 90 square kilometers in Shanghai, named
National Intelligent Connected Vehicle Pilot Zone, has been
put into operation to test intelligent and connected vehicles on
public roads since 2016 [3]. As the key technology of ITS, the
study of vehicular communications has made great progress
in the last two decades, which makes vehicular networks a
promising solution to address ITS issues from road safety, traf-
fic efficiency, and innovative applications, such as automatic
drive and cloud-based on-board entertainment.

In the existing technologies of vehicular communications,
dedicated short-range communications (DSRCs) [4] and Long
Term Evolution vehicle-to-everything (LTE V2X) [5] are two
of the most popular technologies, which are standardized and
supported by IEEE and 3GPP, respectively. DSRC utilizes a
modified version of the familiar 802.11 standard (i.e., 802.11p)
as the physical layer and medium access control layer. Many
field tests have shown that it is adequate for local-area com-
munications, such as vehicle status warning and traffic hazard
warning [6], but it also suffers from unreliable connectivity in
wide area due to the contention-based mechanism and limited
communication range. LTE V2X is an alternative technology
that can provide long-term connectivity, high data rate, and
wide area coverage for vehicular communications, in which
vehicle-to-infrastructure (V2I) and vehicle-to-vehicle (V2V)
communications can be implemented either by traditional
uplink and downlink LTE transmissions, or by direct sidelink
transmissions supported by the PC5 interface [7]. However,
the centralized architecture of LTE V2X can be highly ineffi-
cient for applications requiring frequent information exchange
in local areas.

In order to combine the advantages of both technologies,
heterogeneous vehicular networks (HetVNETs) integrating
DSRC with LTE have received great attentions from both
academia to industry in recent years [8], and many stud-
ies have been proposed in terms of spectrum sharing, radio
resource scheduling and MAC protocol design [9]-[14]. On
the one hand, the heterogeneous architecture increases the flex-
ibility and diversity of vehicular communications, and thus,
may enhance the potential performance of vehicular networks.
On the other hand, the heterogeneous architecture also means
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high complexity and large overhead of network management.
Therefore, multi-radio load and resource management is the
key issue in HetVNETS, in which a tradeoff between network
performance and management overhead should exist.

In this paper, we consider the uplink transmissions of a
HetVNET using both DSRC and LTE, the propagation envi-
ronment of which can be highly unstable due to the diversity
of traffic scenes and high mobility of vehicles. In order to
enhance the uplink performance, we consider a cluster-based
approach, in which cluster members (CMs) with low data rate
V2I links offload their uplink traffic to cluster heads (CHs)
with high data rate V2I links via V2V communications. Thus,
CHs can relay the uplink traffic within a cluster by performing
high-quality two-hop transmissions. In the first hop, DSRC is
utilized to provide local V2V communications from CMs to
CHs. In the second hop, LTE is utilized to provide wide-area
V2I transmissions from CHs to access points. Here, we con-
sider three aspects that can highly affect the performance of the
cluster-based approach. The first is how vehicles are clustered
and how the clusters are updated. The second is how traffic
load is distributed between the V2I transmission directly to
the access points and the V2V+V2I transmission relayed by
CHs. The third is how bandwidth resources are allocated to
the DSRC and LTE transmissions. The main contributions are
as follows.

1) We present a general system model for cluster-based
uplink enhancement approaches in HetVNETs, for
which a combinatorial optimization problem is for-
mulated to jointly consider the vehicle clustering and
load-spectrum management problems.

2) Based on the iterative self-organizing data analysis tech-
nique algorithm (ISODATA), a self-adaptive clustering
method is proposed, in which mobility information
(vehicle location and speed) is utilized to form clusters
and the number of clusters is automatically adjusted.

3) The joint load distribution and bandwidth allocation
problem is formulated as a numerical optimization
problem, for which an efficient optimization method
is proposed to optimize the load distribution and
bandwidth allocation between DSRC and LTE
communications.

4) We provide a variety of simulation results to show
that the proposed self-adaptive approach outperforms
the existing section-based and K-means clustering algo-
rithms, and a tradeoff between uplink throughput and
signaling overhead can be achieved.

The rest of this paper is organized as follows. In Section II,
we review the related work and point out the difference
of this paper from the existing literature. In Section III,
we provide the system model and formulate a general
combinatorial optimization problem for cluster-based uplink
enhancement approaches. To solve the problem, we propose
a self-adaptive clustering method based on ISODATA and a
joint load-bandwidth management scheme based on numerical
optimization, respectively, in Sections IV and V. Simulation
results are provided in Section VI to validate the efficiency
of the proposed approach. Finally, we conclude this paper in
Section VII.
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II. RELATED WORKS

Due to the dynamic topology of vehicular networks, clus-
tering has been considered as an important technique in the
literature of vehicular ad hoc networks (VANETS) [15]. In
VANETS, clusters are usually formed to increase connectiv-
ity between vehicles in a large area, for which multi-hop
transmissions are performed between CHs to improve routing
performance and reduce redundant transmissions [16], [17].
However, in HetVNETS, large-area connectivity can be sup-
ported by direct LTE communications between vehicles and
eNodeBs, and clustering is usually introduced to further
improve the uplink performance by forming high-performance
two-hop transmissions consisting of both V2V and V2I
links [18]-[20].

El Mouna Zhioua et al. [18] proposed a gateway selection
algorithm to relay the uplink traffic of source vehicles via gate-
way vehicles, in which V2I channel quality, load of gateway
candidates, and V2V connectivity duration are jointly con-
sidered by using a fuzzy logic method. Zheng et al. [19]
developed an Markov queueing model for analyzing the
performance of two-hop uplink transmissions, in terms of
throughput, packet delay, and packet dropping rate. They
assume that vehicles in the same road section form a clus-
ter, and the vehicle closest to the section center is selected as
the CH. Shi et al. [20] proposed a K-means clustering method
as well as a CH selection algorithm based on relative mobil-
ity metric, which yield a significant improvement of safety
data dissemination compared to LTE-only and DSRC-only
networks.

In this paper, a cluster-based approach is proposed to offload
uplink traffic from CMs to CHs via DSRC V2V transmis-
sions, which then send the traffic to the access points via LTE
V2I transmissions. Here, we jointly consider the vehicle clus-
tering problem and the load-spectrum management problem
between DSRC and LTE, for which self-adaptive methods
are proposed for vehicle clustering and load-spectrum man-
agement. Compared to the existing methods, the proposed
approach can adapt to the dynamic environment of vehicu-
lar networks by adjusting the number of clusters, the dis-
tribution of traffic load and the allocation of bandwidth
resources. Simulation results show that the proposed cluster-
based approach outperforms the traditional section-based and
K-means clustering methods, and a tradeoff between uplink
throughput and signaling overhead can be achieved.

III. SYSTEM MODEL

As shown in Fig. 1, we consider the uplink of a HetVNET
consisting of multiple vehicles and one eNodeB, in which all
vehicles are equipped with both DSRC and LTE terminals.
Vehicles can transmit directly to the eNodeB via LTE commu-
nications, or they can form clusters to offload uplink traffic to
the CH via DSRC V2V communications, which then relays the
traffic within the corresponding cluster to the eNodeB via LTE
communications. We assume that the traffic load of each vehi-
cle can be arbitrarily distributed between the direct V2I and
the indirect V2V+V2I communications, and the total uplink
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Fig. 1. Vehicle clustering and load-spectrum management for uplink
enhancement in heterogenous vehicular networks.

bandwidth can be arbitrarily allocated to the corresponding
DSRC and LTE transmissions.

We denote by S = {1,2,..., N} as the set of all vehicles.
Thus, the cluster structure is given by a partition of the vehi-
cle set S, denoted by L = {Cy, (3, ..., C)}, in which each
vehicle i € S belongs to one and only one cluster C € L, i.e.,

l‘ill Ci=Sand C;N C; = @,Vi # j. We denote by P(S) as
the set of all partitions of S, and thus, we have

L e P(S). (D

We assume that the uplink data rate requirement of each
vehicle i € S is limited by R;. As we noted, for any cluster
C € L, the uplink load traffic R; of CM i € C is distributed
between the V2I transmission directly to the eNodeB and the
V2V+V2I transmission relayed by the CH, which is denoted
by RI.‘TE and RPSRC, respectively. Thus, we have

RITE | RDSRC < R, vies. (2)

The total uplink bandwidth is given by W. We denote by
Wy as the bandwidth allocated to DSRC V2V transmissions
and W; as the bandwidth allocated to the LTE transmission of
vehicle i. Thus, we have

Wo+ > Wi<W. 3)
ieS
Here, we assume that the cluster structure L, the load distribu-
tion {RETE};, {RPSRC); and the bandwidth allocation {W;}; are
periodically decided by the eNodeB at the beginning of each
time period, and they stay unchanged during the entire time
period.

A. Mobility Model

We assume a time-discrete model in which the system is
divided into slots with equal length. The location of vehicle
i € § at time slot 7, denoted by x;(?), is fixed during a time
slot. We assume that each time period contains T time slots,
within which the mobility of vehicle i can be seen as a uni-
form rectilinear motion with velocity v;. Thus, the mobility
of vehicle i in a time period can be modeled by a motion
function, given by

xi() =xi(D)+@¢—v; t=1,2,...,T. 4)
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We assume that each vehicle i € S periodically reports its
mobility information (x;(1), v;) to the eNodeB at the begin-
ning of each time period. The eNodeB calculates the trajectory
x;(1),x;(2), ...,x;(T) of each vehicle i € S, and use them to
calculate the optimal L, {R%‘TE},-, {RPSRC},-, and {W;}; for the
considered time period.

B. DSRC Model

The performance of V2V channels can be influenced by a
variety of environmental factors, such as the distance between
vehicles, the doppler effect, the antenna heights, the LOS con-
ditions, etc. For simplicity without loss of generality, we adopt
a disk model, in which vehicles can communicate with each
other within distance D. Also, we assume that the arbitra-
tion interframe space (AIFS) and the length of data frame
are fixed, and the corresponding spectrum efficiency of DSRC
transmission is uniformly given by 7.

In DSRC, the spectrum is shared in a distributed way by
using a contention-based access scheme. The probability that a
transmitting node successfully accesses the spectrum without
collisions from other transmissions is a decreasing function of
the number of nodes #n in the network, which is given by [21]

m—1
P(n) = % S m—iy =t Vo> 1 5)
i=1
in which m is the number of contention windows.

We denote by hc as the CH of cluster C € L. At any time
slot 7, the transmissions of CMs within distance D to CH A¢
may collide with each other at hc, the set of which is denoted
by nc(¢). By using the mobility information, nc(¢f) can be
calculated by

ne(t) = |{j € SIIxj(0) — X (D] < D
and j # ho,VC' € L}| VCeL. (6)

Thus, for any CM i € C, the number of interfering DSRC
nodes is equal to the number of nodes colliding at CH hc,
and the collision-free probability is then given by P(nc(?)).

We note that each CM i € C share the same set of interfering
nodes. Thus, the probability that the DSRC bandwidth is suc-
cessfully occupied by CM i is given by P(nc(?))/nc(t) [22].
Therefore, the DSRC V2V capacity of any CM i € C at time
slot ¢ is given by

noWpsrc
V) = ———
nc ()

Since the DSRC V2V capacity during a time period is limited
by the minimal capacity in each time slot, the DSRC V2V
capacity of any CM i € C is given by

Y = min Y (). )

P(nc(2)). @)

C. LTE Model

We assume that all the vehicles can communicate with the
eNodeB. For simplicity without loss of generality, we assume
that the spectrum efficiency of V2I channel is unchanged
within a time period, which is denoted by n; for vehicle
i € S. In practice, parameter 7; can be estimated by the
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eNodeB based on the channel measurements of vehicle i from
previous time periods. To simplify our problem, we assume
that the vehicle i € C with the highest V2I spectrum effi-
ciency n; is selected as the CH h¢ in each time period, i.e.,
hc = argmax;.c n;, VC € L. We denote by Scy and Scwm as the
set of CHs and CMs, respectively, i.e., Scy = {hc,, ..., hC|L|}
and Scm = S\ Scu. The LTE V2I capacity of vehicle i € S is
given by

Y = Wi 9)

D. Problem Formulation

Here, we consider the optimal cluster structure and load-
bandwidth distribution that maximize the total throughput of
the considered HetVNETS, which is formulated as follows:

N
max ) (R,.LTE + RPSRC) (10a)
L,W,-,R%TE,RPSRC 1
s.t. RPSRC < V2V vies (10b)

Y RPSRCLRITE <y vCeL (100)
ieC

RIE <Y vies
constraints (1), (2), (3)

(10d)
(10e)

in which constraints (10b) and (10c) guarantee the uplink data
rate of the V2I transmission directly to the eNodeB, and con-
straint (10d) guarantees the uplink data rate of the V2V+V2I
transmission relayed by CHs. Due to the combinatorial prop-
erty of the cluster structure L, problem (10) is generally
NP-hard. In this paper, we adopt a two-step approach to solve
the problem, in which the vehicle clustering problem and
the corresponding load-bandwidth management problem are
solved separately. Note that the optimal cluster structure and
load-bandwidth distribution should be updated periodically, as
the network parameters will change with the movement of
vehicles.

IV. SELF-ADAPTIVE CLUSTERING BASED
ON MOBILITY INFORMATION

In cluster-based approaches, the number of clusters can
highly effect the performance of DSRC V2V and LTE V2I
transmissions. If a small number of clusters is formed, a large
number of vehicles become CMs, which need to compete for
the DSRC bandwidth to offload their uplink traffic to CHs.
Thus, the DSRC performance is degraded due to the increas-
ing collisions among V2V transmissions. If a large number of
clusters is formed, the number of vehicles within a cluster is
decreased. Thus, the LTE performance of CHs is degraded due
to the decreasing diversity of V2I channels within a cluster. In
order to optimize the uplink performance, the number of clus-
ters should be dynamically adjusted such that the performance
of DSRC and LTE transmissions can be balanced. However, in
traditional K-means clustering methods, the number of clusters
is a predefined parameter that cannot be changed. Therefore,
we propose a self-adaptive clustering method, in which the
number of clusters is dynamically adjusted according to the
mobility information.
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A. General Description

ISODATA is first proposed to facilitate the modeling and
tracking of weather patterns, which extends the traditional
K-means algorithm by self-adaptively updating the number of
clusters in each iteration [23]-[25]. In the K-means algorithm,
samples are assigned to the cluster with the closest cluster
center in each iteration, and the cluster centers then update
according to the newly formed clusters. The iterative process
continues until the clusters become stable. Compared to the
K-means algorithm, three additional procedures are introduced
in ISODATA, i.e., cluster elimination, cluster unification, and
cluster division. We explain these procedures as follows.

1) Cluster Elimination: If the number of nodes within a
cluster is below a threshold, the cluster is eliminated
and the corresponding nodes are assigned to other clus-
ters with the closest cluster center. Cluster elimination
can accelerate the iterative process by eliminating the
clusters with few nodes.

2) Cluster Unification: If the distance between two cluster
centers is below a threshold, the two corresponding clus-
ters are merged into a single cluster containing all nodes
of the two clusters. Cluster unification can decrease the
number of clusters when clusters are close to each other.

3) Cluster Division: If the average distance to the cluster
center of the nodes in a cluster is above a threshold,
the cluster is split into two new clusters, the centers of
which are calculated according to the original cluster
center and the standard deviation of the distance to the
original cluster center. The nodes of the original cluster
are assigned to the new clusters according to their dis-
tances to the new cluster centers. Cluster division can
increase the number of clusters when the nodes in the
same cluster are far from each other.

In the proposed clustering algorithm, we extend the
basic ISODATA to the T-dimensional mobility data X; =
(xi(1), x;(2), ...,x;(T)). In addition, the three procedures in
the original ISODATA are modified according to the consid-
ered problem given in Section III-D. To simplify our notations,
the location x;(f) of a vehicle 7 at a slot ¢ is always treated as
a scalar in this section.

B. Definitions

We first give some definitions that will be used in
the proposed clustering algorithm. We denote by X¢ =
(xc(1),xc(2), ...,Xc(r)) as the trajectory of the center vehi-
cle of cluster C C S, w, the #-th element of which is defined
by the geometrical center of vehicles in cluster C at slot ¢,
given by

1
xc() = — Y _xi(1). (11)

IC]
ieC

Thus, the center vehicle X¢ represents the mean trajectory of
vehicles in cluster C.

We denote by D(X;, X;) as the distance between two vehi-
cles X; and X, which is defined by the Euclidean distance
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between the trajectory vectors X; and X; in T dimension space,
given by

T
D(X;,X;) = Z Ix;(t) — x;(1)[2.

=1

12)

Thus, the distance D(X;, X;) measures the similarity between
vehicle 7 and vehicle j, and the distance D(Xc,, X, ) measures
the similarity between cluster C, and cluster Cp.

We denote by D(C) as the radius of cluster C C S, which
is defined by the average Euclidean distance between the tra-
jectory vectors of vehicles in cluster C and the center vehicle,
given by

1 T
DIC)=—>" | D Ixc(t) —xi(D.

(13)
€I ieC =1

Also, we denote by o (C) = (01(C), 02(C),...,or(C)) the
fluctuation of cluster C C S, the t-th element of which is
defined by the standard deviation of the locations x;(¢) of
vehicles i € C at slot #, given by

1
el > Ixe(t) = xi)2.

0/(C) =
|C| 4
ieC

(14)

Thus, the radius D(C) measures how the vehicles in cluster
C deviate from the center vehicle, and the fluctuation o (C)
measures how the vehicles in cluster C deviate from each
other.

As we noted, the distance between CMs and the CH
should be limited within D to maintain the V2V connectivity.
Formally, we say cluster C C § is feasible if

max (15)

_ |%;(#) — Xpc (D] < D.
ieC,1<t<T

C. Cluster Elimination

As we noted, decreasing the size of clusters can protect
DSRC transmissions by decreasing the number of competing
CMs. In addition, in rural areas with low-density traffic, vehi-
cles can only form small clusters or even singular clusters due
to the sparse distribution of vehicles. Thus, the size of cluster
should not be limited by a minimal value as in the original
ISODATA.

Cluster C is eliminated if it is not feasible, i.e., con-
straint (15) is not satisfied. The corresponding vehicles in
cluster C should be properly assigned to other clusters. For
any vehicle i € C, we denote by C7 as the cluster that is
closest to vehicle i, i.e.,

Pora

1

argmin D(X¢, Xj).
C'eL,C'#C

(16)

We assign vehicle i to cluster C} if the newly formed cluster
C? = Cf Ui is a feasible cluster. Otherwise, vehicle i forms a
singular cluster {i} containing itself.
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D. Cluster Unification

Cluster unification merges two clusters that are similar to
each other into a single cluster. As we noted, as the num-
ber of vehicles within a cluster is increased, the LTE V2I
performance of the CH is improved due to increasing diver-
sity of V2I channels. While at the same time, the DSRC V2V
performance is degraded due to the increasing collision among
V2V transmissions. For any cluster C, the V2I channel capac-
ity of CH hc¢ is an increasing function of the cluster size |C]|,
which is approximated by a log function log(1l + |C]). The
V2V channel capacity for CMs in C is a decreasing function of
the average number of colliding vehicles n¢c = Zthl nc@®/T,
which is approximated by a negative exponent function e~"C,
Thus, we propose a unification criterion that is related to both
|C| and nc.

For any two disjoint clusters C,, C, € S, we denote by
C, = C, U Cp as the potential cluster formed by the clus-
ter unification of C, and C,. We define the effective distance
between C, and Cp, as follows:

Cqllog(1+|C Cpllog(l + |C

D*(Xca,Xch)=| allog(l + [Cal) + [Cpllog(1 + [Cp])
|Cullog(1 + [Cul)

|Cale™" + [Cple™"

|Cule™"cu

X D(XC,I» ch).
(17)

We note that the effective distance D*(Xc,, Xc,) is smaller
than the distance D(Xc,,Xc,) if the V2I and V2V
performance are improved by the cluster unification.

Cluster C, and cluster Cj, are unified if the effective distance
D*(Xc,, Xc,) is below a threshold 6p, i.e.,

D*(Xc, Xc,) < b (18)

and the potential cluster C, is a feasible cluster. Otherwise,
the unification is not performed.

E. Cluster Division

Cluster division splits a cluster with deviating CMs into
two disjoint clusters. We denote by dpmax(C) as the maximum
fluctuation of cluster C C S during the time period, which is
given by

Smax (C) = max §;(C) 19)
1<t<T
and the corresponding slot is denoted by 7*(C), i.e.,
*(C) = argmax §;(C). (20)

I=<t<T

Cluster C is divided into cluster C, and cluster Cp if the

radius is above the average radius of all clusters, i.e.,
1 / /

D) = CZGL IC'|D(C). 1)

We denote by )A(ca and )A(cb as the virtual center vehicles
of cluster C, and cluster Cp, the t-th element of which are
given by

Z2c(t) + Smax (0), t=1*(C)

2¢(1), 1 # 1*(C) 22)

Xc, () = {
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and

Smax(C), t=1"(C)

t £ t*(C). (23)

Xc, (D) = {ZC(I) B

zc(1),
Vehicle i € C is assigned to C, if it is closer to XC,,, ie.,

D()A(Ca, X,‘) < D(ch, X,’). (24)

Otherwise, it is assigned to cluster Cjp.

F. Self-Adaptive Vehicle Clustering Algorithm

The proposed self-adaptive clustering algorithm is formally
given as in Algorithm 1. As we can see, an expected number of
clusters is predefined by K, which is utilized to avoid unex-
pected cluster structures with too many or too few clusters.
Specifically, the number of clusters of the output cluster struc-
ture is strictly limited within [K/2, 2K]. In practice, parameter
K can be approximated by analyzing historical data. Also, we
have the maximal number of iterations given by M, which is
limited due to the computational complexity of the algorithm.

In the iterative process, the initial number of clusters and
the corresponding cluster structure are given randomly. In each
iteration, vehicles are reassigned based on their distances to
the center vehicles of previous clusters. Then, cluster divisions,
cluster unifications, and cluster eliminations are performed
sequentially to adjust the cluster structure. Specifically, clus-
ter eliminations are performed at the end of each iteration to
avoid infeasible cluster structures, while cluster divisions and
cluster unifications are performed alternately. If the iteration
index m is odd and the number of clusters is not too many
(i.e., Ny, < 2K), cluster divisions are performed for clusters
whose radius is above the average radius of all clusters. If
the iteration index m is even or the number of clusters is too
many (i.e., N, > 2K), cluster unifications are performed in
ascending order of the effective distance, such that clusters
closer to each other are unified with higher priority. Note that
the algorithm should be performed periodically as the vehicles
move along the road, but the initial cluster structure Ly can
be replaced by the calculated cluster structure Ly, in the last
time period.

V. JOINT LOAD DISTRIBUTION AND
BANDWIDTH ALLOCATION

Given the cluster structure L = {Cy, Cs, ..., C)} satis-
fying (1), the considered problem (10) is reduced to a joint
load distribution and bandwidth allocation problem, which is
given by

N
Z(RiLTE n R?SRC)

max (25a)
W,',Ri—“TE,RPSRC Py
st. RPSRC < Y2V vies (25b)
ZRPSRC +RIE < veeL (250
ieC
RIE < oV vies (25d)
RTE 4 RPSRC < R, vies (25¢)
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Algorithm 1 Self-Adaptive Vehicle Clustering Algorithm

1: Initialize the expected number of clusters K and the
maximal number of iterations M.

2: Set the number of initial clusters Ng.

3: Calculate the initial cluster structure Ly =
{CO, Cg,...,CR,O}: Randomly select Ny vehicles with
trajectories X/, Xo/, ..., XN(/) as the virtual center vehi-
cles of each cluster in Ly; Assign vehicle i € S to cluster
C]Q if X is the closest center vehicle to vehicle i, i.e.,
D(Xi. X) = D(X;, Xp), V1 < k < No.

4. form=1,2,... do

5. Set the number of clusters N, =

iteration.

6:  Calculate the cluster structure L,, = {C"",

at the mth iteration: Set Xcm 1, X

m—1 at the mth

- Oy,

Cm Ty eon Xcm 1 as
-1

the virtual center vehicles of each cluster in Ly,; Ass1gn
vehicle i € S to cluster C’" if Xcm 1 is the clos-
est center vehicle to vehlcle i, ie., D(XI,XCm 1) >
D(X“qu’ 1),V1l <k < Ny—1.
if {m is odd and N,, < 2K} then
Calculate the radius D(C}") and fluctuation o (C") of
each cluster C}* € L,, as in (13) and (14).

9: for each cluster C}" € L,, do

10: if (21) is satisfied then

11: Divide cluster C;" as in Section IV-E and update
Ny, and L,,.

12: end if

13: end for

14:  end if

15:  if {m is odd and N,, > 2K} or {m is even} then

16: Calculate the effective distance D* X, Xcm)
for each cluster pair in L, as in (17)
and list them in ascending order, i..,
D* (Xcm Xcm) D* (Xcm Xcm) ..

17: for k = 1 2 . do

18: if (18) is satlsﬁed then

19: Unify cluster Cj' and cluster C;: as in

Section IV-D and update N,, and L,,.

20: end if

21: end for

22:  end if

23:  for each C" € L,, do

24: if cluster C;" is not feasible as in (15) then

25: Eliminate cluster C{" as in Section IV-C and update

N,, and L,,.

26: end if

27:  end for

28: end for

N
Y wisw (25f)

In this section, we decompose problem (10) into three sub-
problems as in the following sections.
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A. Optimal Load Distribution

Theorem 1: Given the bandwidth allocation
Wo, W1, ..., Wy satisfying (25f), the optimal load distribution
R%TE*, RPSRC* of each vehicle i € S in problem (25) is given
as follows.

1) If vehicle i is the CH of cluster C € L, i.e.,

have

i=hc, we

RETE* — mln{RhC, CV2I} (26)

and
RpSRE* = 0. (27)
2) If vehicle i is a CM of cluster C € L, i.e., i € Scm N C,
we define CVZI left _ CV2I RLTE* as the total LTE
V21 capa01ty left for relaymg the uplink traffic of
CMs in cluster C. For any CM j € C, we define
RFTE = min{R;, C™'} as the upper bound of the LTE
load Also, we deﬁne RPSRC = min{R; — RFTE, CV2V}
as the upper bound of the DSRC load when the LTE
load is maximized, and list them in ascending order
I_QJDSRC < RESRC < ... < RPSRC Thys, we have

JICl-1
LTE pLTE
R =8 (28)
and
RDSRC’ Al -0
osees _ | RPRC. Ay <0 and ji) < ji 29)
l As, A1 <0 and j@@) = jik
0, Ay <0 and j(i) > jk
in which A} = ¢)/*M1eft — icl—1 RDSRC 4 — = Y2t

=1
Z/k_]'l RPSRC, and ji satisfies Y750 RPSRC <
ji RDSRC < V2L, left
>
and } 5L R; G

Proof: Equatlons (26) and (27) can be easily proved,
since CHs can only use LTE V2I transmissions. We define
RUPHnE R}TE + RPSRC as the total uplink throughput of

1

CM i € Scm. Thus, by substituting the bandwidth alloca-

he
C}\ZIZI left
c

tion Wo, Wi, ..., Wy, the load distribution (26) and (27), and
R}’plmk into problem (25), we have
max Rl-lplirlk 30a
RLTE Ruplmk Z ! ( )
IESCM
st RP™ < A3 Vie Seu (30b)
Y RP™ <Ay veeL (30c)
ieCNScm

RLTE < min{R,-, cl.Vzl} VieSem  (30d)

in which A3 = min{CY?V + RME R;} and A4 = C)2M" +
> ieCnSen REE As we see in problem (30), the obJectlve
function (30a) is maximized only if the LTE load RLTE of
each CM i € Scvm is maximized, and thus, (28) is proved By
substituting (28) into problem (30), we have

DSRC
max _Z R! (3la)
ieScm
st RPSRC < RPSRC vie Soy (31b)
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Y ORPSRC <Mt wveeL  (3lo)

ieCNScm

As we see in problem (31), the objective function (31a) is
maximized only if the sum DSRC load ZieCﬂSCM RDPSRC jp
each cluster C € L is maximized, and thus, (29) is proved.
Therefore, Theorem 1 is proved. [ |

As we can see from Theorem 1, in order to maximize the
total uplink throughput for a given bandwidth allocation, each
CM i € Scym first utilizes its allocated bandwidth W; to trans-
mit as much traffic as possible via LTE V2I transmissions,
and then utilizes the DSRC bandwidth Wy to offload the rest
traffic to its CH. Also, each CH i € Scy first utilizes its allo-
cated bandwidth W; to transmit its own traffic R,. via LTE
V2I transmission and then distribute the unutilized LTE V2I
capacity to relay the DSRC traffic of its CMs.

B. Optimal LTE Bandwidth Allocation

Lemma 1: Given the DSRC bandwidth Wy < W and the
total LTE bandwidth W < W — Wy of cluster C € L, we
define Z,PSRC = min{R;, CI-VZV} as the upper bound of CM
i’s DSRC load, and W™ = (Ruc + Y jcsounc L RO /Mhe
as the maximal LTE bandwidth required by the CH. Also,
we define LFE = R; — LPSRC as the upper bound of CM
i’s LTE load when the DSRC load is maximized, and list the
LTE spectrum efficiency of vehicles in cluster C in descending
order npe. > i = nj, = -0 = Miic1 - Thus, we have the
following.

1) If We < W%TE, the optimal LTE bandwidth allocation

of cluster C is given by

{WC» i=hc

*_
Wi = 0, ie CNScem.

1

(32)

2) If We > WETE, the optimal LTE bandwidth allocation
of cluster C is given by

WEE i=hc
we — LLE®/mi, i€ CniSem. j() < i (33)
! As, i€ CNSem, j() = ji
0, i€ CNSem, j(i) > jk

in which As = W¢ — WETE — Z’k—,'l LJLTE/r;] and ji satis-

fies Zj_f LLTE/r; < We — WLTE and Z]_jl LLTE/n]

We —W,

Proof: C0n51der an LTE bandwidth allocation
Wie, Wi, Wa, ..., Wic—1 satisfying Wp. < WEE If
there exists a CM i € C such that W; > 0 and
RDPSRCGx L?SRC according to Theorem 1, we define
AW; = min{(LPSRC — RPSRCx) /p, . W;} as the bandwidth

that can be transferred from vehicle i’s LTE transmissions
to vehicle i’s DSRC transmissions. Then, there exists a new
allocation ngc’ Wi, Wi, ..., W\/c|71 in which

W;,C = Wi + AW; (34)
Wl-’ =W; — AW; 35

and Wk Wi, Vk # i, he, such that
R;DSRC* — RPSRC* + ﬂhcAWi (36)
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/DSRCx* __ pDSRCx p/LTEx __ pLTEx
Rk - Rk ’ Rk - Rk

(37

and , Vk # i, according to
Theorem 1. Thus, the new allocation is at least no worse than
the original allocation. Therefore, for any optimal allocation
W;fc, Wi, Wi, .., W‘*C‘_1 satisfying W) < W]C“TE, we have

W; = 0 for any CM i satisfying R?SRC* < Z?SRC according
to Theorem 1.

Consider an LTE bandwidth allocation
Whe, Wi, Wa, ..., Wic—1 satisfying W, < WETE  and

W; = 0 for any CM i € C satisfying RPSRC* < I_,PSR('C accord-
ing to Theorem 1. If there exists two CMs iy, i € C such that
RPISRC* — I:ESRC, Wi > 0 and RPSRC* < ZBSRC’ Wi2 — 0,
we define AW, ;, = min{(l_,gSRC2 — RBSRC*)/nhC, Wi} as
the maximal bandwidth that can be transferred from vehicle
i1’s LTE transmissions to vehicle iz’s DSRC transmissions.

Then, there exists a new allocation W,’lc, Wi, Wi, ..., WI/CIfl
in which
W;/IC = Whe + AW, i, (38)
Wi = Wi, — AW, (39)
and W, = Wy, Vk # iy, he, such that
R;JIDSRC* _ R?ISRC* (40)

RIFTE* > RETE* — i AW, iy > RET™ — e AW 5y (1)
LTE LTE
R, =Ry =0 43)

and RPSRCx = RDSRCx RLTEx — RLTEX vk o£ iy, i, accord-
ing to Theorem 1. Thus, the new allocation is at least no worse
than the original allocation. Therefore, for any optimal allo-
cation W;:C, Wy, W3, ""W\*Cl— | satisfying W;fc < WIC‘TE, we
have W; = 0 for any CM i € C. Thus, (32) is proved.

Consider an LTE bandwidth allocation
Whe, Wi, Wa, ..., Wic—1  satisfying Wy, = WléTE. If
there exists two CMs ij,ip € C with j(i;) < j(i2)

such that W; < I:%TE/nil and W;, > 0, we define
Wi i, = min{LkTE/m1 — W;,W;,} as the maximal
bandwidth that can be transferred from vehicle i;’s LTE
transmissions to vehicle i;’s LTE transmissions. Then, there
exists a new allocation Wi/ch Wi, Wi, ..., W\/c|71 in which

W, = Wi, + Wi, i, (44)
Wi, = Wi, — Wi, i, (45)

and W = Wy, Vk # iy, io, such that
R = RETE 5, 6Wi, iy (46)

Rg‘TE* > R{;TE* - '7i25Wi1,i2 = R}ZTE* - 771'15Wi1,i2 (47)

and RIFTE* = RITE* Vk 3 iy, i and RIPSRC* = RPSRC* vk €
C, according to Theorem 1. Thus, the new allocation is at
least no worse than the original allocation. Therefore, for any
optimal allocation W*C, Wi w3, ..., W|*C|—1 satisfying WZC =
WIC“TE, we have W; = L{-‘TE /n; for any CM i satisfying j(i) <
j(k) if there exists a CM k such that Wy < LE™® /. Thus, (33)
is proved. Therefore, Lemma 1 is proved. |
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As we can see from Lemma 1, in order to maximize the
total uplink throughput of a cluster C for a given DSRC
bandwidth, the total LTE bandwidth of cluster C is first
allocated to the CH h¢ to transmit its own traffic Ry, as
well as to relay the DSRC traffic RPSRC* when each CM
i € CNScm makes full use of the DSRC bandwidth. Then,
the rest LTE bandwidth is allocated sequentially to each CM
i € CN Scm from highest spectrum efficiency 7;, to the
lowest spectrum efficiency nj,_, to satisfy its LTE traffic
requirement R%TE*.

Theorem 2: Given the DSRC bandwidth Wy < W, we
define Z,PSRC and Z}TE as in Lemma 1 for each CM i € Scym.
For each CH h¢ € Scy of cluster C € L, we denote by I:I,;EE
as the maximal traffic that can be transmitted via the LTE link
of CH h¢, which is given by

yLTE __ 7 DSRC
L =Ry + > LPSRC
ieCNSem

(48)

We list the LTE spectrum efficiency of all vehicles in descend-
ing order n;j,, nj,, - .., Njy. Thus, the optimal LTE bandwidth
allocation W} of vehicle i € S is given by

L /mi, Ag <0
LF"® /i, Ae > 0 and j(i) < ji

x _
Wi=Na7. A¢>0and (i) = ji )

0, Ae > 0 and j(i) > ji
in which A = Y, L8 /n; — W, A7 = W = 30! L8/,
and j; satisfies Zj":’]'l L/ < Woand 305, L™ /n; > W.

Proof: We assume that there exists two vehicles iy, iy €
S, such that j(i)) < j(i), W;, < LE™®/n;, and W;, > 0.
According to Lemma 1, we have vehicles i1 and i» belongs to
different clusters, which we denote by C; and Cy, respectively.
We define AW = min{l:hTE/ ni; — Wi, , Wi, }. Then, there exists
a new allocation Wi, Wj, ..., W), in which

Wi =W, + AW (50)
W), =W, — AW (51)
and W, = Wy, Vk # i1, iz, such that
DSRC /LTE
Z(R§ "R *)
ieCy
= 3 (RPSRC 4 RITE) 4 AW (52)
ieCy
DSRC LTE
> (RIPSROx 4 RITES )
i€Cy
> Z(RPSRC* + RZLTE*) — i, AW (53)
i€Cy

and

Z(R{DSRC* T R{LTE*) _ Z(RDSRC* T RLTE*) (54)
l L 1 1

ieC ieC
for any cluster C € L, C # C1, C; according to Lemma 1 and
Theorem 1. Thus, the new allocation is at least no worse than
the original allocation. Therefore, for any optimal allocation
Wi, W3, ..., Wy, if there exists a vehicle i € § such that
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wi LLTE we have W) = 0 for any vehicle k € S satisfying
(k) > ](z) Thus, Theorem 2 is proved. [ |

As we can see from Theorem 2, in order to maximize
the total uplink throughput for a given DSRC bandwidth, the
total LTE bandwidth is sequentially allocated to each vehicle
i € S from the highest spectrum efficiency 7n;, to the low-
est spectrum efﬁ01ency njy to satisfy its LTE transmission
requirement L

C. Optimal DSRC Bandwidth Allocation

Note that for any given DSRC bandwidth W, the
optimal LTE bandwidth allocation WF, W;, ..., Wy and the
optimal load distribution RPSRC*,RZ-L *,i € S are given by
Theorems 1 and 2, respectively. The objective function of
problem (25) is then decided by the DSRC bandwidth Wj.
Note that the DSRC V2V capacity Cl-VzV increases with Wy
while the LTE capacity C?m decreases with Wy. There exists
an optimal DSRC bandwidth W such that the correspond-
ing DSRC and LTE capacity can match each other. Thus, by
substituting Theorems 1 and 2 into problem (25), the optimal
value of W{ can be calculated numerically by using classic
optimization methods, e.g., conjugate gradient methods and
simplex methods.

VI. SIMULATION RESULTS

We consider a one-way road with length 5 km covered by
a single LTE cell, on which vehicles enter from one end and
leave from the other end. We assume that the traffic flow fol-
lows a poisson process with arrival rate A and the speed of
each vehicle is uniformly distributed between 10 and 30 m/s.
We assume that the data rate requirement of each vehicle is
equally given by Ryp. The total bandwidth is assumed to be
300 MHz, in which 200 MHz is originally assigned to LTE
transmissions and 100 MHz is originally assigned to DSRC
transmissions. The spectrum efficiency of DSRC transmis-
sions is given by 10 bps/Hz and the communication range
of DSRC transmission is given by 100 m. The spectrum effi-
ciency of LTE transmissions is uniformly distributed between
2 and 5 bps/Hz.

In this section, we consider three different schemes to
compare with our proposed scheme. The first is the nonclus-
tering scheme, in which the vehicles communicate directly
to the eNodeB by using LTE transmissions with the original
200 MHz LTE bandwidth. The second is the section-based
scheme, in which the entire road is divided into road sections
with equal length 100 m and vehicles within the same sec-
tion form a cluster using DSRC transmissions. The third is
the K-means clustering scheme, in which vehicles are clus-
tered by using the classic K-means algorithm according to the
location information, while the total bandwidth is optimally
distributed between DSRC and LTE transmissions.

In Fig. 2, we show the average uplink rate of vehicle users
as a function of the arrival rate of traffic flow, in which the
uplink rate requirement is given by Ry, = 5 Mb/s. The non-
cluster scheme achieves the lowest average uplink rate since
only LTE transmissions are utilized. The section-based scheme
outperforms the noncluster scheme as DSRC transmissions
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Fig. 2. Average uplink rate as a function of the arrival rate of traffic flow A
with uplink rate requirement Ryp = 5 Mb/s.
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Fig. 3. Optimal DSRC bandwidth as a function of the arrival rate of traffic
flow A with uplink rate requirement Ryp = 5 Mb/s.

are utilized to enhance the uplink spectrum efficiency via CH
relaying. When the traffic flow becomes dense, i.e., A>5, the
DSRC gain decreases to zero since the DSRC transmissions
suffers from the high probability of data collisions within a
cluster. The K-means scheme outperforms both the noncluster
scheme and the section-based scheme, because vehicles are
clustered more efficiently based on their real-time locations
and the total bandwidth are optimally allocated between DSRC
and LTE transmissions. The proposed ISODATA scheme out-
performs all three schemes since the size of clusters can
be dynamically adjusted according to the density of traffic
flow, and the corresponding load and bandwidth are optimally
distributed between DSRC and LTE.

In Fig. 3, we show the optimal DSRC bandwidth as a
function of the arrival rate of traffic flow for the proposed
ISODATA scheme, in which the uplink rate requirement
is given by Ry, = 5 Mb/s. As we can see, the optimal
DSRC bandwidth first increases with the traffic density, which
exploits the spacial multiplexing gain of DSRC transmis-
sions to enhance uplink transmissions. And then, the optimal
DSRC bandwidth decreases as the traffic density becomes
extremely high, as the spectrum efficiency of DSRC transmis-
sions decreases dramatically due to frequent data collisions.
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Therefore, the bandwidth allocation between DSRC and LTE
should be dynamically adjusted according to the fluctuation of
traffic density.

In Fig. 4, we show the average uplink rate of vehicle users
as a function of the uplink data rate requirement Ryp, in which
the arrival rate of traffic flow is given by A = 2. As we
can see, the average uplink rate increases with the uplink
rate requirement, and our proposed clustering scheme based
on ISODATA outperforms the conventional section-based and
K-means schemes. When the uplink rate requirement is low,
all schemes can satisfy the uplink requirement and the practi-
cal data rate increases linearly with the rate requirement. When
the rate requirement exceeds the uplink capacity, the average
uplink rates of all schemes reach their upper bounds and the
curves become flat as Ryp increases.

In Fig. 5, we show the average uplink rate of vehicle users
as a function of the clustering period, in which the uplink rate
requirement is given by Ry, = 5 Mb/s and the arrival rate of
traffic flow is given by A = 2. As we can see, the average
uplink rate decreases as the clustering period increases, since
the uplink performance can be influenced when vehicles join
or leave the clusters within a clustering period. Therefore, there
exists a tradeoff between average uplink rate of HetVNETSs and
signaling overhead of cluster formation, which should be fully
exploited in practical deployment.
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VII. CONCLUSION

We have considered a HetVNET using both DSRC and LTE
for uplink transmissions, for which we have proposed a clus-
tering scheme based on ISODATA and a load-bandwidth man-
agement scheme to optimally distribute bandwidth resources
to DSRC and LTE transmissions. We have proved that
the optimal bandwidth allocation for a given cluster struc-
ture can be achieved within linear computational complexity.
Simulation results have shown that the proposed scheme
outperforms the conventional section-based and K-means clus-
tering methods in terms of average uplink rate, and a tradeoff
between uplink throughput and signaling overhead can be
achieved.
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