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Abstract—Due to the diversity of traffic scenes and high mo-
bility 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 Communications (DSRC) and
Long Term Evolution Vehicle-to-Everything (LTE V2X) into a
single vehicular network to provide high reliability, 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 distribute traffic load and bandwidth
resources between DSRC and LTE. Simulation results show that
the proposed algorithm outperforms 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—Heterogeneous vehicular networks, 802.11p,
clustering, load distribution, bandwidth allocation

I. INTRODUCTION

Recently, major national governments and industrial orga-
nizations have begun to formulate policies and implement
large-scale demonstration to push forward the development
of Intelligent Transportation Systems (ITS) industry. In the
U.S., the National Highway Traffic Safety 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
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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,
traffic efficiency, and innovative applications such as automatic
drive and cloud-based on-board entertainment.

In the existing technologies of vehicular communication-
s, Dedicated Short-Range Communications (DSRC) [4] and
Long Term Evolution Vehicle-to-Everything (LTE V2X) [5]
are two of the most popular technologies, which are stan-
dardized 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 communications, 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 inefficient 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 studies 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 flexibility
and diversity of vehicular communications, and thus, may
enhance the potential performance of vehicular networks. On
the other hand, the heterogeneous architecture also means
high complexity and large overhead of network management.
Therefore, multi-radio load and resource management is the
key issue in HetVNETs, for 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-
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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
consider 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:

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

• Based on the Iterative Self-Organizing Data Analysis
Technique Algorithm (ISODATA), a self-adaptive clus-
tering method is proposed, in which mobility information
(vehicle location and speed) is utilized to form clusters
and the number of clusters is automatically adjusted.

• The joint load distribution and bandwidth allocation prob-
lem 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.

• We provide a variety of simulation results to show that
the proposed self-adaptive approach outperforms the ex-
isting section-based and K-means clustering algorithms,
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 our work from the existing literature. In Section III, we
provide the system model and formulate a general combi-
natorial optimization problem for cluster-based uplink en-
hancement 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 the paper in
Section VII.

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 connectivity

Fig. 1. Vehicle clustering and load-spectrum management for uplink enhance-
ment in heterogenous vehicular networks.

between vehicles in a large area, for which multi-hop transmis-
sions are performed between CHs to improve routing perfor-
mance and reduce redundant transmissions [16, 17]. However,
in HetVNETs, large-area connectivity can be supported 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].

In [18], the authors propose a gateway selection algorithm to
relay the uplink traffic of source vehicles via gateway vehicles,
in which V2I channel quality, load of gateway candidates and
V2V connectivity duration are jointly considered by using a
fuzzy logic method. In [19], the authors develop a 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 cluster, and the vehicle closest
to the section center is selected as the CH. In [20], the
authors propose a K-means clustering method as well as a CH
selection algorithm based on relative mobility 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 transmissions,
which then send the traffic to the access points via LTE V2I
transmissions. Here, we jointly consider the vehicle clustering
problem and the load-spectrum management problem between
DSRC and LTE, for which self-adaptive methods are pro-
posed for vehicle clustering and load-spectrum management.
Compared to the existing methods, the proposed approach can
adapt to the dynamic environment of vehicular networks by
adjusting the number of clusters, the distribution 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
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all vehicles are equipped with both DSRC and LTE termi-
nals. Vehicles can transmit directly to the eNodeB via LTE
communications, 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 vehicle can be arbitrarily distributed between the
direct V2I and the indirect V2V+V2I communications, and
the total uplink 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 vehicle
set S, denoted by L = {C1, C2, . . . , C|L|}, in which each
vehicle i ∈ S belongs to one and only one cluster C ∈ L, i.e.,∪|T |

i=1 Ci = S and Ci ∩ Cj = ∅,∀i ̸= j. We denote by P(S)
as the set of all partitions of S, and thus, we have

L ∈ P(S). (1)

We assume that the uplink data rate requirement of each
vehicle i ∈ S is limited by Ri. As we noted, for any cluster
C ∈ L, the uplink load traffic Ri 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 RLTE

i and RDSRC
i , respectively. Thus, we have

RLTE
i +RDSRC

i ≤ Ri, ∀i ∈ S. (2)

The total uplink bandwidth is given by W . We denote by
W0 as the bandwidth allocated to DSRC V2V transmissions
and Wi as the bandwidth allocated to the LTE transmission of
vehicle i. Thus, we have

W0 +
∑
i∈S

Wi ≤ W. (3)

Here, we assume that the cluster structure L, the load dis-
tribution {RLTE

i }i, {RDSRC
i }i and the bandwidth allocation

{Wi}i are periodically decided by the eNodeB at the begin-
ning 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 ∈ S at time slot t, denoted by xi(t), 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
uniform rectilinear motion with velocity vi. Thus, the mobility
of vehicle i in a time period can be modeled by a motion
function, given by

xi(t) = xi(1) + (t− 1)vi, t = 1, 2, . . . , T. (4)

We assume that each vehicle i ∈ S periodically reports
its mobility information (xi(1),vi) to the eNodeB at the
beginning of each time period. The eNodeB calculates the
trajectory xi(1),xi(2), . . . ,xi(T ) of each vehicle i ∈ S, and
use them to calculate the optimal L, {RLTE

i }i, {RDSRC
i }i and

{Wi}i 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
conditions, 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
Arbitration Inter-Frame Space (AIFS) and the length of data
frame are fixed, and the corresponding spectrum efficiency of
DSRC transmission is uniformly given by η0.

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]

P (n) =
n

mn

m−1∑
i=1

(m− i)n−1, ∀n > 1, (5)

in which m is the number of contention windows.
We denote by hC as the CH of cluster C ∈ L. At any

time slot t, the transmissions of CMs within distance D to
CH hC may collide with each other at hC , the set of which is
denoted by nC(t). By using the mobility information, nC(t)
can be calculated by

nC(t) =
∣∣{j ∈ S

∣∣ |xj(t)− xhC
(t)| ≤ D

and j ̸= hC′ , ∀C ′ ∈ L}| , ∀C ∈ L.
(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(t)).

We note that each CM i ∈ C share the same set
of interfering nodes. Thus, the probability that the DSRC
bandwidth is successfully occupied by CM i is given by
P (nC(t))/nC(t) [22]. Therefore, the DSRC V2V capacity of
any CM i ∈ C at time slot t is given by

CV 2V
i (t) =

η0WDSRC

nC(t)
P (nC(t)). (7)

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

CV 2V
i = min

t
CV 2V

i (t). (8)

C. LTE Model

We assume that all 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 ηi for vehicle
i ∈ S. In practice, parameter ηi can be estimated by the
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
efficiency ηi is selected as the CH hC in each time period,
i.e., hC = argmaxi∈C ηi, ∀C ∈ L. We denote by SCH

and SCM as the set of CHs and CMs, respectively, i.e.,
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SCH = {hC1 , . . . , hC|L|} and SCM = S \ SCH . The LTE
V2I capacity of vehicle i ∈ S is given by

CV 2I
i = ηiWi. (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:

max
L,Wi,RLTE

i ,RDSRC
i

N∑
i=1

(
RLTE

i +RDSRC
i

)
, (10a)

s.t. RDSRC
i ≤ CV 2V

i , ∀i ∈ S, (10b)∑
i∈C

RDSRC
i +RLTE

hC
≤ CV 2I

hC
, ∀C ∈ L, (10c)

RLTE
i ≤ CV 2I

i , ∀i ∈ S, (10d)
constraints (1), (2), (3), (10e)

in which constraints (10b) and (10c) guarantee the uplink
data rate of the V2I transmission directly to the eNodeB,
and constraint (10d) guarantees the uplink data rate of the
V2V+V2I transmission relayed by CHs. Due to the com-
binatorial property 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
increasing 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 clusters 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.

A. General Description

ISODATA is first proposed to facilitate the modelling 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:

• 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 clusters
with the closest cluster center. Cluster elimination can
accelerate the iterative process by eliminating the clusters
with few nodes.

• Cluster unification: If the distance between two cluster
centers is below a threshold, the two corresponding
clusters 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.

• 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 distances
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 ba-
sic ISODATA to the T -dimensional mobility data Xi =
(xi(1),xi(2), . . . ,xi(T )). In addition, the three procedures
in the original ISODATA are modified according to the con-
sidered problem given in Subsection III-D. To simplify our
notations, the location xi(t) of a vehicle i at a slot t 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 XC =
(xC(1),xC(2), . . . ,xC(t)) as the trajectory of the center
vehicle of cluster C ⊆ S, w, the t-th element of which is
defined by the geometrical center of vehicles in cluster C at
slot t, given by

xC(t) =
1

|C|
∑
i∈C

xi(t). (11)

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

We denote by D(Xi,Xj) as the distance between two
vehicles Xi and Xj , which is defined by the Euclidean
distance between the trajectory vectors Xi and Xj in T
dimension space, given by

D(Xi,Xj) =

√√√√ T∑
t=1

|xi(t)− xj(t)|2. (12)
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Thus, the distance D(Xi,Xj) measures the similarity between
vehicle i and vehicle j, and the distance D(XCa ,XCb

) mea-
sures the similarity between cluster Ca and cluster Cb.

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

D(C) =
1

|C|
∑
i∈C

√√√√ T∑
t=1

|xC(t)− xi(t)|2. (13)

Also, we denote by σ(C) = (σ1(C), σ2(C), . . . , σT (C)) the
fluctuation of cluster C ⊆ S, the t-th element of which is
defined by the standard deviation of the locations xi(t) of
vehicles i ∈ C at slot t, given by

σt(C) =

√
1

|C|
∑
i∈C

|xC(t)− xi(t)|2. (14)

Thus, the radius D(C) measures how the vehicles in cluster
C deviate from the center vehicle, and the fluctuation σ(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 ⊆ S is feasible if

max
i∈C,1≤t≤T

|xi(t)− xhC (t)| ≤ D. (15)

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,
vehicles 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., constraint
(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 C∗

i as the cluster that is closest to vehicle
i, i.e.,

C∗
i = argmin

C′∈L,C′ ̸=C
D(XC′ ,Xi). (16)

We assign vehicle i to cluster C∗
i if the newly formed cluster

Ĉ∗
i = C∗

i ∪ i is a feasible cluster. Otherwise, vehicle i forms
a singular cluster {i} containing itself.

D. Cluster Unification

Cluster unification merges two clusters that are similar
to each other into a single cluster. As we noted, as the
number of vehicles within a cluster is increased, the LTE V2I
performance of the CH is improved due to increasing diversity
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(1+|C|). The V2V
channel capacity for CMs in C is a decreasing function of the
average number of colliding vehicles nC =

∑T
t=1 nC(t)/T ,

which is approximated by a negative exponent function e−nC .
Thus, we propose a unification criterion that is related to both
|C| and nC .

For any two disjoint clusters Ca, Cb ⊆ S, we denote by
Cu = Ca ∪ Cb as the potential cluster formed by the cluster
unification of Ca and Cb. We define the effective distance
between Ca and Cb as follows:

D∗(XCa ,XCb
)

=
|Ca| log(1 + |Ca|) + |Cb| log(1 + |Cb|)

|Cu| log(1 + |Cu|)

× |Ca|e−nCa + |Cb|e−nCb

|Cu|e−nCu
×D(XCa ,XCb

).

(17)

We note that the effective distance D∗(XCa ,XCb
) is smaller

than the distance D(XCa ,XCb
) if the V2I and V2V perfor-

mance are improved by the cluster unification.
Cluster Ca, and cluster Cb are unified if the effective

distance D∗(XCa ,XCb
) is below a threshold θD, i.e.,

D∗(XCa ,XCb
) ≤ θD, (18)

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

E. Cluster Division

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

δmax(C) = max
1≤t≤T

δt(C), (19)

and the corresponding slot is denoted by t∗(C), i.e.,

t∗(C) = argmax
1≤t≤T

δt(C). (20)

Cluster C is divided into cluster Ca and cluster Cb if the
radius is above the average radius of all clusters, i.e.,

D(C) ≥ 1

N

∑
C′∈L

|C ′|D(C ′). (21)

We denote by X̂Ca and X̂Cb
as the virtual center vehicles of

cluster Ca and cluster Cb, the t-th element of which are given
by

x̂Ca
(t) =

{
zC(t) + δmax(C), t = t∗(C),

zC(t), t ̸= t∗(C),
(22)

and

x̂Cb
(t) =

{
zC(t)− δmax(C), t = t∗(C),

zC(t), t ̸= t∗(C).
(23)

Vehicle i ∈ C is assigned to Ca if it is closer to X̂Ca , i.e.,

D(X̂Ca ,Xi) < D(X̂Cb
,Xi). (24)

Otherwise, it is assigned to cluster Cb.
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F. Self-Adaptive Vehicle Clustering Algorithm

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 N0.
3: Calculate the initial cluster structure L0 =

{C0
1 , C

0
2 , . . . , C

0
N0

}: Randomly select N0 ve-
hicles with trajectories X1′ ,X2′ , . . . ,XN ′

0
as

the virtual center vehicles of each cluster in
L0; Assign vehicle i ∈ S to cluster C0

j if Xj′

is the closest center vehicle to vehicle i, i.e.,
D(Xi,Xj′) ≥ D(Xi,Xk′), ∀1 ≤ k ≤ N0.

4: for m = 1, 2, . . . do
5: Set the number of clusters Nm = Nm−1 at

the m-th iteration.
6: Calculate the cluster structure Lm =

{Cm
1 , Cm

2 , . . . , Cm
Nm

} at the m-th iteration:
Set XCm−1

1
,XCm−1

2
, . . . ,XCm−1

Nm−1

as the
virtual center vehicles of each cluster in
Lm; Assign vehicle i ∈ S to cluster
Cm

j if XCm−1
j

is the closest center ve-
hicle to vehicle i, i.e., D(Xi,XCm−1

j
) ≥

D(Xi,XCm−1
k

), ∀1 ≤ k ≤ Nm−1.
7: if {m is odd and Nm ≤ 2K} then
8: Calculate the radius D(Cm

i ) and fluctu-
ation σ(Cm

i ) of each cluster Cm
i ∈ Lm

as in (13) and (14).
9: for each cluster Cm

i ∈ Lm do
10: if (21) is satisfied then
11: Divide cluster Cm

i as in Sec-
tion IV-E and update Nm and Lm.

12: end if
13: end for
14: end if
15: if {m is odd and Nm > 2K} or {m is

even} then
16: Calculate the effective distance

D∗(XCm
i
,XCm

j
) for each cluster

pair in Lm as in (17), and list
them in ascending order, i.e.,
D∗(XCm

i1
,XCm

j1
), D∗(XCm

i2
,XCm

j2
), . . .

17: for k = 1, 2, . . . do
18: if (18) is satisfied then
19: Unify cluster Cm

ik
and cluster Cm

jk
as in Section IV-D and update Nm

and Lm.
20: end if
21: end for
22: end if
23: for each Cm

i ∈ Lm do
24: if cluster Cm

i is not feasible as in (15)
then

25: Eliminate cluster Cm
i as in Sec-

tion IV-C and update Nm and Lm.
26: end if
27: end for
28: end for

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
unexpected cluster structures with too many or too few clus-
ters. Specifically, the number of clusters of the output cluster
structure 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, cluster
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.,
Nm ≤ 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.,
Nm > 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 L0 can be replaced
by the calculated cluster structure LM in the last time period.

V. JOINT LOAD DISTRIBUTION AND BANDWIDTH
ALLOCATION

Given the cluster structure L = {C1, C2, . . . , C|L|} satisfy-
ing (1), the considered problem (10) is reduced to a joint load
distribution and bandwidth allocation problem, which is given
by

max
Wi,RLTE

i ,RDSRC
i

N∑
i=1

(
RLTE

i +RDSRC
i

)
, (25a)

s.t. RDSRC
i ≤ CV 2V

i , ∀i ∈ S, (25b)∑
i∈C

RDSRC
i +RLTE

hC
≤ CV 2I

hC
,∀C ∈ L, (25c)

RLTE
i ≤ CV 2I

i ,∀i ∈ S, (25d)

RLTE
i +RDSRC

i ≤ Ri, ∀i ∈ S, (25e)
N∑
i=0

Wi ≤ W. (25f)

In this section, we decompose problem (10) into three sub-
problems as in the following subsections.

A. Optimal Load Distribution

Theorem 1. Given the bandwidth allocation
W0,W1, . . . ,WN satisfying (25f), the optimal load
distribution RLTE∗

i , RDSRC∗
i of each vehicle i ∈ S in

problem (25) is given as follows:
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• If vehicle i is the CH of cluster C ∈ L, i.e., i = hC , we
have

RLTE∗
hC

= min
{
RhC , C

V 2I
hC

}
, (26)

and
RDSRC∗

hC
= 0. (27)

• If vehicle i is a CM of cluster C ∈ L, i.e., i ∈ SCM ∩C,
we define CV 2I,left

hC
= CV 2I

hC
− RLTE∗

hC
as the total LTE

V2I capacity left for relaying the uplink traffic of CMs
in cluster C. For any CM j ∈ C, we define R̄LTE

j =
min{Rj , C

V 2I
j } as the upper bound of the LTE load.

Also, we define R̄DSRC
j = min{Rj − R̄LTE

j , CV 2V
j } as

the upper bound of the DSRC load when the LTE load is
maximized, and list them in ascending order R̄DSRC

j1
≤

R̄DSRC
j2

≤ . . . ≤ R̄DSRC
j|C|−1

. Thus, we have

RLTE∗
i = R̄LTE

j , (28)

and

RDSRC∗
i =


R̄DSRC

i , A1 > 0,

R̄DSRC
i , A1 ≤ 0 and j(i) < jk

A2, A1 ≤ 0 and j(i) = jk,

0, A1 ≤ 0 and j(i) > jk

(29)

in which A1 = CV 2I,left
hC

−
∑j|C|−1

j=j1
R̄DSRC

j ,
A2 = CV 2I,left

hC
−

∑jk−1

j=j1
R̄DSRC

j , and jk satisfies∑jk−1

j=j1
R̄DSRC

j < CV 2I,left
hC

and
∑jk

j=j1
R̄DSRC

j ≥
CV 2I,left

hC
.

Proof. Equations (26) and (27) can be easily proved, s-
ince CHs can only use LTE V2I transmissions. We define
Ruplink

i = RLTE
i +RDSRC

i as the total uplink throughput of
CM i ∈ SCM . Thus, by substituting the bandwidth allocation
W0,W1, . . . ,WN , the load distribution (26) and (27), and
Ruplink

i into problem (25), we have

max
RLTE

i ,Ruplink
i

∑
i∈SCM

Ruplink
i , (30a)

s.t. Ruplink
i ≤ A3,∀i ∈ SCM , (30b)∑

i∈C∩SCM

Ruplink
i ≤ A4,∀C ∈ L, (30c)

RLTE
i ≤ min

{
Ri, C

V 2I
i

}
, ∀i ∈ SCM . (30d)

in which A3 = min
{
CV 2V

i +RLTE
i , Ri

}
and A4 =

CV 2I,left
hC

+
∑

i∈C∩SCM
RLTE

i . As we see in problem (30),
the objective function (30a) is maximized only if the LTE load
RLTE

i of each CM i ∈ SCM is maximized, and thus, equation
(28) is proved. By substituting (28) into problem (30), we have

max
RDSRC

i

∑
i∈SCM

RDSRC
i , (31a)

s.t. RDSRC
i ≤ R̄DSRC

j , ∀i ∈ SCM , (31b)∑
i∈C∩SCM

RDSRC
i ≤ CV 2I,left

hC
, ∀C ∈ L, (31c)

As we see in problem (31), the objective function (31a) is
maximized only if the sum DSRC load

∑
i∈C∩SCM

RDSRC
i

in each cluster C ∈ L is maximized, and thus, and equation
(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 ∈ SCM first utilizes its allocated bandwidth Wi to
transmit as much traffic as possible via LTE V2I transmissions,
and then utilizes the DSRC bandwidth W0 to offload the rest
traffic to its CH. Also, each CH i ∈ SCH first utilizes its
allocated bandwidth Wi to transmit its own traffic RhC 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 W0 ≤ W and the total
LTE bandwidth WC ≤ W −W0 of cluster C ∈ L, we define
L̄DSRC
i = min{Ri, C

V 2V
i } as the upper bound of CM i’s

DSRC load, and WLTE
C = (RhC

+
∑

i∈SCM∩C L̄DSRC
i )/ηhC

as the maximal LTE bandwidth required by the CH. Also, we
define L̄LTE

i = Ri − L̄DSRC
i 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 ηhC ≥ ηj1 ≥ ηj2 ≥ . . . ≥ ηj|C|−1

. Thus, we have
• If WC ≤ WLTE

C , the optimal LTE bandwidth allocation
of cluster C is given by

W ∗
i =

{
WC , i = hC ,

0, i ∈ C ∩ SCM .
(32)

• If WC > WLTE
C , the optimal LTE bandwidth allocation

of cluster C is given by

W ∗
i =


WLTE

C , i = hC ,

L̄LTE
i /ηi, i ∈ C ∩ SCM , j(i) < jk,

A5, i ∈ C ∩ SCM , j(i) = jk,

0, i ∈ C ∩ SCM , j(i) > jk,

(33)

in which A5 = WC − WLTE
C −

∑jk−1

j=j1
L̄LTE
j /ηj and

jk satisfies
∑jk−1

j=j1
L̄LTE
j /ηj < WC − WLTE

C and∑jk
j=j1

L̄LTE
j /ηj ≥ WC −WLTE

C .

Proof. Consider a LTE bandwidth allocation
WhC

,W1,W2, . . . ,W|C|−1 satisfying WhC
< WLTE

C .
If there exists a CM i ∈ C such that Wi > 0 and
RDSRC∗

i < L̄DSRC
i according to Theorem 1, we define

∆Wi = min{(L̄DSRC
i − RDSRC∗

i )/ηhC
,Wi} 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 W ′

hC
,W ′

1,W
′
2, . . . ,W

′
|C|−1 in which

W ′
hC

= WhC +∆Wi, (34)

W ′
i = Wi −∆Wi, (35)

and W ′
k = Wk,∀k ̸= i, hC , such that

R′DSRC∗
i = RDSRC∗

i + ηhC
∆Wi, (36)

R′LTE∗
i ≥ RLTE∗

i − ηi∆Wi

≥ RLTE∗
i − ηhC

∆Wi,
(37)
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and R′DSRC∗
k = RDSRC∗

k , R′LTE∗
k = RLTE∗

k , ∀k ̸= i,
according to Theorem 1. Thus, the new allocation is at
least no worse than the original allocation. Therefore, for
any optimal allocation W ∗

hC
,W ∗

1 ,W
∗
2 , . . . ,W

∗
|C|−1 satisfying

W ∗
hC

< WLTE
C , we have Wi = 0 for any CM i satisfying

RDSRC∗
i < L̄DSRC

i according to Theorem 1.
Consider a LTE bandwidth allocation

WhC
,W1,W2, . . . ,W|C|−1 satisfying WhC

< WLTE
C

and Wi = 0 for any CM i ∈ C satisfying RDSRC∗
i < L̄DSRC

i

according to Theorem 1. If there exists two CMs
i1, i2 ∈ C such that RDSRC∗

i1
= L̄DSRC

i1
,Wi1 > 0

and RDSRC∗
i2

< L̄DSRC
i2

,Wi2 = 0, we define
∆Wi1,i2 = min{(L̄DSRC

i2
− RDSRC∗

i2
)/ηhC

,Wi1} as
the maximal bandwidth that can be transferred from vehicle
i1’s LTE transmissions to vehicle i2’s DSRC transmissions.
Then, there exists a new allocation W ′

hC
,W ′

1,W
′
2, . . . ,W

′
|C|−1

in which
W ′

hC
= WhC

+∆Wi1,i2 , (38)

W ′
i1 = Wi2 −∆Wi1,i2 , (39)

and W ′
k = Wk, ∀k ̸= i1, hC , such that

R′DSRC∗
i1 = RDSRC∗

i1 , (40)

R′LTE∗
i1 ≥ RLTE∗

i1 − ηi1∆Wi1,i2

≥ RLTE∗
i1 − ηhC

∆Wi1,i2 ,
(41)

R′DSRC∗
i2 = RDSRC∗

i2 + ηhC
∆Wi, (42)

R′LTE∗
i2 = RLTE∗

i2 = 0, (43)

and R′DSRC∗
k = RDSRC∗

k , R′LTE∗
k = RLTE∗

k , ∀k ̸= i1, i2,
according to Theorem 1. Thus, the new allocation is at
least no worse than the original allocation. Therefore, for
any optimal allocation W ∗

hC
,W ∗

1 ,W
∗
2 , . . . ,W

∗
|C|−1 satisfying

W ∗
hC

< WLTE
C , we have Wi = 0 for any CM i ∈ C. Thus,

equation (32) is proved.
Consider a LTE bandwidth allocation

WhC ,W1,W2, . . . ,W|C|−1 satisfying WhC = WLTE
C .

If there exists two CMs i1, i2 ∈ C with j(i1) < j(i2)
such that Wi1 < L̄LTE

i1
/ηi1 and Wi2 > 0, we define

δWi1,i2 = min{L̄LTE
i1

/ηi1 − Wi1 ,Wi2} as the maximal
bandwidth that can be transferred from vehicle i2’s LTE
transmissions to vehicle i1’s LTE transmissions. Then, there
exists a new allocation W ′

hC
,W ′

1,W
′
2, . . . ,W

′
|C|−1 in which

W ′
i1 = Wi1 + δWi1,i2 , (44)

W ′
i2 = Wi2 − δWi1,i2 , (45)

and W ′
k = Wk, ∀k ̸= i1, i2, such that

R′LTE∗
i1 = RLTE∗

i1 + ηi1δWi1,i2 , (46)

R′LTE∗
i2 ≥ RLTE∗

i2 − ηi2δWi1,i2

≥ RLTE∗
i2 − ηi1δWi1,i2 ,

(47)

and R′LTE∗
k = RLTE∗

k , ∀k ̸= i1, i2 and R′DSRC∗
k =

RDSRC∗
k , ∀k ∈ C, according to Theorem 1. Thus, the new al-

location is at least no worse than the original allocation. There-
fore, for any optimal allocation W ∗

hC
,W ∗

1 ,W
∗
2 , . . . ,W

∗
|C|−1

satisfying W ∗
hC

= WLTE
C , we have Wi = L̄LTE

i /ηi for any
CM i satisfying j(i) < j(k) if there exists a CM k such that
Wk < L̄LTE

k /ηk. Thus, equation (33) is proved. Therefore,
Lemma 1 is proved.

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 hC to transmit its own traffic RhC

as well as to relay
the DSRC traffic RDSRC∗

i when each CM i ∈ C ∩ SCM

makes full use of the DSRC bandwidth. Then, the rest LTE
bandwidth is allocated sequentially to each CM i ∈ C ∩SCM

from highest spectrum efficiency ηj1 to the lowest spectrum
efficiency ηj|C|−1

to satisfy its LTE traffic requirement RLTE∗
i .

Theorem 2. Given the DSRC bandwidth W0 ≤ W , we define
L̄DSRC
i and L̄LTE

i as in Lemma 1 for each CM i ∈ SCM . For
each CH hC ∈ SCH of cluster C ∈ L, we denote by L̄LTE

hC
as

the maximal traffic that can be transmitted via the LTE link
of CH hC , which is given by

L̄LTE
hC

= RhC
+

∑
i∈C∩SCM

L̄DSRC
i . (48)

We list the LTE spectrum efficiency of all vehicles in descend-
ing order ηj1 , ηj2 , . . . , ηjN . Thus, the optimal LTE bandwidth
allocation W ∗

i of vehicle i ∈ S is given by

W ∗
i =


L̄LTE
i /ηi, A6 ≤ 0,

L̄LTE
i /ηi, A6 > 0 and j(i) < jk,

A7, A6 > 0 and j(i) = jk,

0, A6 > 0 and j(i) > jk,

(49)

in which A6 =
∑jN

j=j1
L̄LTE
j /ηj − W , A7 = W −∑jk−1

j=j1
L̄LTE
j /ηj , and jk satisfies

∑jk−1

j=j1
L̄LTE
j /ηj < W and∑jk

j=j1
L̄LTE
j /ηj ≥ W .

Proof. We assume that there exists two vehicles i1, i2 ∈ S,
such that j(i1) < j(i2), Wi1 < L̄LTE

i1
/ηi1 and Wi2 > 0.

According to Lemma 1, we have vehicles i1 and i2 belongs to
different clusters, which we denote by C1 and C2, respectively.
We define ∆W = min{L̄LTE

i1
/ηi1 − Wi1 ,Wi2}. Then, there

exists a new allocation W ′
1,W

′
2, . . . ,W

′
N in which

W ′
i1 = W ′

i1 +∆W, (50)

W ′
i2 = W ′

i2 −∆W, (51)

and W ′
k = Wk,∀k ̸= i1, i2, such that∑

i∈C1

(
R′DSRC∗

i +R′LTE∗
i

)
=

∑
i∈C1

(
RDSRC∗

i +RLTE∗
i

)
+ ηi1∆W,

(52)

∑
i∈C2

(
R′DSRC∗

i +R′LTE∗
i

)
≥

∑
i∈C2

(
RDSRC∗

i +RLTE∗
i

)
− ηi2∆W,

(53)
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and ∑
i∈C

(
R′DSRC∗

i +R′LTE∗
i

)
=∑

i∈C

(
RDSRC∗

i +RLTE∗
i

) (54)

for any cluster C ∈ L,C ̸= C1, C2 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
W ∗

1 ,W
∗
2 , . . . ,W

∗
N , if there exists a vehicle i ∈ S such that

W ∗
i < L̄LTE

i , we have W ∗
k = 0 for any vehicle k ∈ S

satisfying j(k) > j(i). 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 ηj1 to the
lowest spectrum efficiency ηjN to satisfy its LTE transmission
requirement L̄LTE

i .

C. Optimal DSRC Bandwidth Allocation

Note that for any given DSRC bandwidth W0, the optimal
LTE bandwidth allocation W ∗

1 ,W
∗
2 , . . . ,W

∗
N and the optimal

load distribution RDSRC∗
i , RLTE∗

i , i ∈ S are given by The-
orem 2 and Theorem 1, respectively. The objective function
of problem (25) is then decided by the DSRC bandwidth W0.
Note that the DSRC V2V capacity CV 2V

i increases with W0

while the LTE capacity CV 2I
i decreases with W0. There exists

an optimal DSRC bandwidth W ∗
0 such that the corresponding

DSRC and LTE capacity can match each other. Thus, by
substituting Theorem 1 and Theorem 2 into problem (25), the
optimal value of W ∗

0 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 λ and the speed of each
vehicle is uniformly distributed between 10 m/s and 30 m/s.
We assume that the data rate requirement of each vehicle is
equally given by Rup. 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 transmissions
is given by 10 bps/Hz and the communication range of DSRC
transmission is given by 100 m. The spectrum efficiency of
LTE transmissions is uniformly distributed between 2 bps/Hz
and 5 bps/Hz.

In this section, we considered three different schemes to
compare with our proposed scheme. The first is the non-
clustering scheme, in which 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 section
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Fig. 2. Average uplink rate as a function of the arrival rate of traffic flow λ
with uplink rate requirement Rup = 5 Mbps.

form a cluster using DSRC transmissions. The third is the K-
means clustering scheme, in which vehicles are clustered 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 Rup = 5 Mbps. The non-
cluster scheme achieves the lowest average uplink rate since
only LTE transmissions are utilized. The section-based scheme
outperforms the non-cluster scheme as DSRC transmissions
are utilized to enhance the uplink spectrum efficiency via CH
relaying. When the traffic flow becomes dense, i.e., λ >, 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 non-cluster
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 D-
SRC and LTE transmissions. The proposed ISODATA scheme
outperforms 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 Rup = 5 Mbps. As we can see, the optimal
DSRC bandwidth first increases with the traffic density, which
exploits the spacial multiplexing gain of DSRC transmissions
to enhance uplink transmissions. And then, the optimal DSRC
bandwidth decreases as the traffic density becomes extremely
high, as the spectrum efficiency of DSRC transmissions de-
creases dramatically due to frequent data collisions. 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 Rup, in which
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Fig. 3. Optimal DSRC bandwidth as a function of the arrival rate of traffic
flow λ with uplink rate requirement Rup = 5 Mbps.
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Fig. 4. Average uplink rate as a function of the uplink rate requirement Rup

with the arrival rate of traffic flow λ = 2.

the arrival rate of traffic flow is given by λ = 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 practical
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 Rup 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 Rup = 5 Mbps and the arrival rate
of traffic flow is given by λ = 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 HetVNETs and
signaling overhead of cluster formation, which should be fully
exploited in practical deployment.

VII. CONCLUSIONS

We have considered a HetVNET using both DSRC and LTE
for uplink transmissions, for which we have proposed a clus-
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Fig. 5. Average uplink rate as a function of clustering period with the uplink
rate requirement Rup = 5 Mbps and the arrival rate of traffic flow λ = 2.

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 op-
timal bandwidth allocation for a given cluster structure can be
achieved within linear computational complexity. Simulation
results have shown that the proposed scheme outperforms the
conventional section-based and K-means clustering methods
in terms of average uplink rate, and a tradeoff between uplink
throughput and signaling overhead can be achieved.
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