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Abstract: The deployment of vehicular ad hoc network (VANET) is crucial to the development of
autonomous vehicles. Radio frequency (RF) technology has been employed to transmit messages
between vehicles and infrastructure in VANET. However, the limited RF bands may cause interfer-
ence when vehicles transmit messages in a high-density environment. Moreover, when numerous
vehicles transmit messages to the infrastructure at the same time, the simultaneous transmissions
may cause channel congestion. While the issue of signal interference can be solved by the techniques
of Visible Light Communication (VLC), vehicle clustering can be employed to improve the transmis-
sion performance of vehicles. VLC is an emerging technology with the advantage of immunity to
electromagnetic interference. The technique of vehicle clustering categorizes vehicles into different
sets, where each set has a leader for intra-cluster messaging. In this work, we present a clustering
algorithm for VANET based on VLC. Our algorithm estimates the positions of vehicles based on
their current movements. Then, it selects cluster heads based on the number of neighboring vehicles
and generates clusters. We evaluate the performance of our scheme for both urban and highway
scenarios. The simulation results show that the proposed algorithm can minimize the number of
clusters and improve the transmission data rate for vehicles.

Keywords: vehicle ad hoc networking; visible light communications; clustering

1. Introduction

VANET [1] is a promising technology for Intelligent Transportation System (ITS),
where vehicles and infrastructure can communicate with each other through wireless
communications. Drivers and passengers can access safety information or infotainment
applications through VANET [2–4]. With VANET, risks of traffic accidents could be reduced
and the comfort of passengers can be improved.

The communication in VANET can be categorized into vehicle-to-vehicle (V2V),
vehicle-to-infrastructure (V2I), or infrastructure-to-vehicle (I2V). As shown in Figure 1,
vehicles may communicate with other vehicles or the infrastructure in a typical VANET
scenario. In most cases, Dedicated Short-Range Communications (DSRC), a 5.9 GHz RF
technology, is used for V2V communication. Long-Term Evolution (LTE) or 5G are used for
V2I and I2V communication [5]. However, past research has found that using DSRC for
V2V communication in high-density environments may result in a low packet reception
rate and long delay because the narrow RF bands may cause interference when a large
number of vehicles transmit data at the same time [6]. Moreover, it is difficult for DSRC to
visually identify the transmitter position due to the omnidirectional characteristic of RF [7].
Recently, VLC has been used for V2V communication to address the above issues [8–10].

VLC has been an emerging technology in recent years. It has some advantages com-
pared with DSRC, including operation in unlicensed frequencies, higher bandwidth and
data rate, directivity, immunity to electromagnetic interference, full-duplex transmissions,
and lower implementation costs [11,12]. Generally, VLC uses light-emitting diodes (LEDs)
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as the transmitter. Thus, VLC modules can be integrated into the LED-based headlights and
tail-lights of vehicles for data communication. Both photodiodes (PDs) and cameras can be
used as the receiver, but PDs can provide a higher data rate. Because of the LOS for visible
light and the spatial separability of cameras, VLC can ensure interference-free and reliable
communication in outdoor environments [13–15]. Although VLC has demonstrated its
superiority over DSRC, VLC cannot completely replace DSRC currently owing to following
drawbacks, including shorter transmission distances, limited by the angles of the transmit-
ter and the receiver; non-penetrability; and being easily affected by weather [12,16–18]. The
angle of the VLC transmitter is semi-angle and that of the receiver is Field of View (FOV), as
shown in Figure 2. A vehicle can sense another vehicle when the semi-angle of the former
can align the FOV of the latter. A narrower semi-angle of transmitters results in a more
focused and directional beam, but a narrower angle also forces the receiver to be positioned
within a relatively narrow angular range to successfully receive the signal. However, a
narrower angle also means that the receiver must be positioned within a relatively narrow
angular range to successfully receive the signal. In contrast, a wider angle may result in
a larger beam divergence, potentially reducing the achievable signal strength at longer
distances. As a result, VLC is generally used to complement DSRC in VANET. VLC can
also provide positioning when the vehicle cannot receive the Global Positioning System
(GPS) signal, because it can provide high-accuracy distance measurement [19].

Figure 1. A typical VANET scenario.

LED semi-angle
of VLC transmitter

FOV of VLC receiver

Figure 2. VLC alignment between semi-angle of transmitter and FOV of receiver.

Although some issues caused by DSRC can be improved by using VLC, there are
remaining issues in VANET. For example, the high mobility of vehicles may affect end-to-
end communication to result in a low data packet delivery ratio [20]. Moreover, channel
congestion may occur when numerous vehicles connect to the infrastructure simultaneously.
In order to overcome these issues, a hierarchical network topology with clustering is
developed. The technique of clustering can group some vehicles together to reduce the
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probability of disconnecting vehicles as well as the number of vehicles directly connecting
to the infrastructure.

Generally, vehicles in a cluster can be either a cluster head (CH) or a cluster member
(CM). The CH is responsible for managing the information in its cluster and connecting to
the infrastructure. The CM transmits its requests or information to its CH. Accordingly,
the information redundancy and channel congestion can be minimized. Moreover, the CM
can save its energy consumption by transmitting packets to its CH rather than a further
vehicle [21]. Stable clusters also enable reliable and efficient communication among vehicles
in the same clusters. By forming stable clusters, vehicles can exchange information such
as traffic conditions, road hazards, and cooperative driving maneuvers to facilitate better
coordination and enhance overall traffic safety. To our knowledge, there is no vehicle
clustering algorithm for VANET which is purely based on VLC.

In this paper, we propose a greedy-based vehicle clustering algorithm for VANET
using VLC, where the movements of vehicles are available for the clustering algorithm.
Our algorithm calculates the positions based on the vehicle movements. Then, the cluster
is formed by estimating the number of neighbors per vehicle for a time period in the
future. A vehicle will select its neighbors sensed by its receiver through light waves. Our
algorithm has different strategies for vehicle selections in junctions or within road segments.
Vehicles on junctions will add vehicles that are moving in any direction to its neighbor list.
Vehicles on road segments will only add vehicles that are moving in the same direction to
its neighbor list. The experimental results show that, with our algorithm, the number of
clusters can be reduced and the cluster duration can be prolonged.

The remainder of the paper is organized as follows: Section 2 briefly introduces
previous research about VANET, VLC, and clustering. Section 3 presents our system
model and assumptions. Section 4 provides the problem statement. Section 5 introduces
the proposed algorithm. Finally, the simulation results and conclusion are presented in
Sections 6 and 7.

2. Related Works
2.1. VANET Applications

The applications of VANET can be categorized into safety and comfort. The goal of
safety applications is to reduce the occurrence of traffic accidents. For example, when a
vehicle is expected to collide with another vehicle, the safety message will be immediately
transmitted to the driver. Yang et al. proposed an Intersection Collision Warning (ICW)
system. The ICW system uses a smart phone to receive safety-related information via
on-board GPS receivers. Then, this information is periodically exchanged to compute the
probability of collision [22].

Comfort applications aim at improving the comfort of drivers and passengers. For
example, drivers can obtain the weather condition or the location of the nearest attraction
through VANET applications. Passengers can use VANET to play online games, watch
on-demand videos, or send messages [23]. Keshavarzi et al. proposed a method to obtain
real-time urban traffic information by combining traditional networks and VANET [3].

2.2. VLC

VLC has received increasing attention in recent years because the current RF spectrum
is not enough to accommodate ever-increasing traffic. Moreover, VLC can bring better
security, a higher data rate, and lower deployment costs [24]. Generally, the scenarios of
applying VLC can be divided into indoor and outdoor. We briefly review related VLC
research for indoor and outdoor scenarios.

The research on indoor VLC mainly focuses on accurate positioning. Accurate indoor
positioning can provide indoor navigation for users in large shopping centers, airports, or
hospitals. However, due to GPS errors usually being as high as tens of centimeters to several
meters, it is difficult to achieve accurate indoor positioning. Gradually, some researchers
have used VLC for indoor positioning, where VLC can achieve cm-level accuracy without
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causing electromagnetic interference [25]. Naz et al. proposed an indoor positioning algo-
rithm based on Phase Difference of Arrival (PDOA) for VLC systems. PDOA uses frequency
and phase information for target positioning to achieve more accurate positioning [26].

On the other hand, the electromagnetic radiation caused by RF technology for com-
munication could be harmful to humans. As a result, the deployment of RF technology
could be limited in hospitals or airports. Therefore, VLC can be used for communication in
these facilities. Ding et al. proposed an indoor communication system for hospitals. The
proposed communication system combines power lines and the VLC system to achieve a
radiation-free, high-capacity, and positionable communication system [27].

As mentioned above, using RF technology for communication often suffers from
interference in high-density environments. VLC has interference-free characteristics that
make it suitable for a dense area. However, VLC is easily affected by the external en-
vironment. Therefore, VLC is usually used to complement RF technology. Chen et al.
proposed a distributed non-cooperative topology control for hybrid VLC/RF VANET. The
proposed scheme reduces the power consumption and the interference between wireless
links by adapting the transmission power of RF and VLC [28]. Ji et al. proposed a multi-
hop clustering algorithm for a hybrid VANET architecture with DSRC and VLC. Their
algorithm creates clusters by collecting the mobility information of vehicles through VLC
receivers [29]. Abualhoul et al. proposed a prediction-based vertical handover mecha-
nism (PVHO). PVHO switches communication between DSRC and VLC based on packet
sequence, message length, and the relative orientation of vehicles [30].

VLC can also conduct positioning when vehicles cannot receive GPS signals. Kim
et al. proposed a VLC positioning system for VANET. The proposed positioning system
senses the LED light source through the camera to obtain the three-dimensional coordinate
information of other vehicles [19].

2.3. Clustering Schemes

The high mobility of vehicles may cause vehicles to easily disconnect from each
other during data transmission. Moreover, massive connections from vehicles will cause
channel congestion and high transmission delay to degrade the performance of real-time
applications. Clustering is a viable solution to improve transmission performance. Every
cluster will have a CH to manage the data within its cluster and communicate with the
infrastructure. Several factors are considered in generating clusters [31], as described below.

2.3.1. Identification and Connectivity

Early typical clustering algorithms include the lowest-ID (LID) algorithm and the
highest-connectivity clustering algorithm. The LID algorithm assumes that every node has
a unique ID, and the node with the smallest ID will be selected as the CH of the cluster.
The highest-connectivity clustering algorithm considers the connection degree of nodes;
the node with the highest connection degree will be selected as the CH [32].

2.3.2. Mobility and Signal Quality

The mobility clustering algorithm considers the relative position, relative speed, and
moving direction of vehicles for clustering. The above information can be used to calculate
the link lifetime (LLT) between a vehicle and its neighbors. The selected CH based on
LLT is usually located in the center of vehicles and has a low average speed difference
from its CM [33,34]. Ren et al. proposed a mobility-based and stability-based clustering
algorithm (MSCA). MSCA considers the distance and position of a vehicle to select the CH,
and calculates the LLT between the CH and CM to select a gateway vehicle [35].

In order to improve the communication quality, some researchers have used Received
Signal Strength (RSS) and Signal-to-Noise Ratio (SNR) as factors to form clusters [36,37].
Liu et al. proposed a clustering algorithm, which calculates the probability of successful
packet transmission between vehicles. Finally, the algorithm combines these factors with
the direction and speed of vehicles to select CHs [21].
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2.3.3. Size and Intension

The communication range of vehicles with distinct sizes may be different, and the
vehicle itself could be an obstacle. Some researchers consider the vehicle size as one factor
to generate clusters. A. Maglaras et al. proposed an Enhanced Spring Clustering (ESC)
algorithm, which selects the vehicle with the higher height as the CH in order to cover
more vehicles in one cluster [38].

Vehicles may change their directions of movement at junctions to cause disconnection.
Some researchers use the driver intension as the factor to form clusters. Tal et al. proposed a
user-oriented fuzzy-logic-based clustering scheme. The scheme uses fuzzy logic to combine
the mobility of vehicles and the intention of drivers. Thus, vehicles in the same cluster are
expected to have similar destinations [39].

3. System Model

In this work, we consider two scenarios in our system model: urban area and highway,
as shown in Figures 3 and 4. In both scenarios, there are basestations for connecting vehicles.
Vehicles may also communicate with neighboring vehicles through VLC. In our system
model, the infrastructure will form clusters based on the number of neighboring vehicles.
Vehicles could be a CH or CM. CMs will send their requests to the CH, where the CH is
responsible for managing its CMs’ messages and communicating with the infrastructure.
We assume that all vehicles are equipped with GPS, an On-Board Unit (OBU), LEDs, and
cameras. GPS enables vehicles to obtain current location information. The OBU enables
vehicles and the infrastructure to communicate with each other through DSRC and 5G
or LTE. LEDs and cameras enable two vehicles with aligned semi-angles and FOVs to
communicate with each other. Moreover, VLC relies on the LOS between the transmitter
and receiver; thus, any physical obstruction, such as buildings and other vehicles, may
block the light signal.

Figure 3. Urban scenario.

All vehicles use VLC for communication only when it is available. As mentioned
above, VLC has the requirement of LOS between the transmitter and receiver. Any block
between the transmitter and receiver may result in signal outage, which would interrupt
packet forwarding and degrade the performance of applications. In the environments
that VLC is unavailable, such as sudden heavy rain or strong sunlight, DSRC is used
for communication. In this paper, we focus on the clustering performance based on
VLC. Because we consider two-way communication, it is only when the receiver and the
transmitter of two vehicles are within the semi-angle of each other that they can establish
a communication link. The communication between vehicles and the infrastructure is
one-hop. We also assume that a vehicle will transmit its driving route in the current road
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segment to the infrastructure whenever it enters the road segment. This information will
enable the clustering algorithm to estimate the number of neighboring vehicles in a future
time period for each vehicle. We also note that the influence of link delay, reliability, and
capacity is not considered since these metrics affect the performance of applications, not
the performance of vehicle clustering.

Figure 4. Highway scenario.

4. Problem Statement

We further define the problem of vehicle clustering for VANET based on VLC. We
describe some notations for the problem statement first. N represents the set of vehicles
for clustering. Hi,j represents the hop count between two vehicles, i and j, by using VLC.
Di represents how long the vehicle serves as a CH or CM. S′i,j indicates whether the VLC
transmitter of vehicle i can be sensed by the receiver of another vehicle j; 1 means yes, 0
means no. L′i,j indicates whether the two vehicles, i and j, are connected in the same cluster,
where 1 means yes and 0 means no, when two connected vehicles include one cluster head
and one cluster member. CH′i denotes whether vehicle i is a CH; 1 means yes, 0 means
no. CM′i represents whether vehicle i is a CM; 1 means yes, 0 means no. All notations are
summarized in Table 1.

Table 1. Notations.

Notation Description

N The set of vehicles

Hi,j The hop count between (i, j), ∀i, j ∈ N

Di The duration of i in CH or CM status, ∀i ∈ N

S′i,j The binary variable indicates whether j is sensed by i, ∀i, j ∈ N

L′i,j The binary variables indicating link between (i, j), ∀i, j ∈ N

CH′i The binary variable indicates whether i is CH, ∀i ∈ N

CM′i The binary variable indicates whether i is CM, ∀i ∈ N

We attempt to generate stable clusters for vehicles, where each vehicle can communi-
cate with the infrastructure through its cluster head. As a result, the number of vehicles
communicating with the basestation at the same time can be effectively reduced. By re-
ducing the simultaneous communications between vehicles and the basestation, channel
interference can be reduced to improve communication performance. Therefore, the num-



Inventions 2023, 8, 83 7 of 17

ber of clusters (or CHs) should also be minimized. On the other hand, if the connection
between vehicles is often disconnected, it will reduce the packet delivery ratio and increase
packet delay. Thus, the duration of each CH should be maximized. The objective function
is listed in Equation (1) and the constraints are listed in Equations (2)–(5).

min (∑
i∈N

CH′i ) and max (Di), where CH′i = 1, ∀i ∈ N (1)

s.t. CH′i + CM′i = 1, ∀i ∈ N (2)

L′i,j = 1, if CH′i , CM′j, S′i,j, S′j,i, Hi,j = 1

∀i, j ∈ N (3)

∑
i∈N

L′i,j = ∑
i∈N

CM′i , ∀i ∈ N (4)

CH′i , CM′i , L′i,j ∈ {0, 1} (5)

Equation (1) shows that our goal is to minimize the number of CHs and maximize their
duration. Equation (2) ensures that every vehicle will only have one state, either CH or CM.
A vehicle can be a CH and a CM at the same time. Equation (3) identifies the conditions for
when two vehicles have a connecting link. Equation (4) requires that every CM only selects
one CH for connection. Equation (5) shows the binary property. In previous research, the
CH optimization problem has been shown as an NP-hard problem [40].

5. Proposed Algorithm

To accommodate vehicles whose positions change rapidly, we use a greedy clustering
method to reduce the number of CHs while maintaining their duration. We consider
two factors to generate clusters: the number of neighbors and the directions of vehicles.
Selecting a vehicle with a larger number of neighbors as the CH could allow more vehicles
to join the cluster. Therefore, the total number of CHs can be effectively reduced. If the
moving direction between the CH and CMs are different, the CH and its CMs may be
disconnected immediately, affecting the number of neighboring vehicles as well as the
CH duration.

5.1. Neighbor List Creation

Since we use the number of neighbors as the first factors for cluster generation, the first
step of our scheme creates a neighbor list (N) for every vehicle. Vehicle i uses its receiver
to sense the light waves within its semi-angle from other vehicles j. There are two cases
to determine whether the received light wave is from its neighbor. In the first case, if the
current position of vehicle i is in a road segment, vehicle i will only add vehicles that move
in the same direction to Ni. This is because the vehicles of different driving directions will
disconnect from each other soon. In the second case, if the current position of vehicle i is in
a junction, vehicle i will directly add all sensed vehicles to Ni. Moreover, in our scenario, a
vehicle will only give its driving route in the current road segment to the infrastructure
when it enters a road segment. The complete process of creating a neighbor list is listed in
Algorithm 1.

5.2. CH Selection

After all vehicles have created their neighbor lists, vehicles will transmit the informa-
tion to the infrastructure for selecting CHs. For vehicles whose current status is not a CH
or a CM, the one with a higher number of neighbors (|N|) is assigned as the CH. We note
that every vehicle can only have one state (CH or CM) at the same time. If vehicle i has
been selected as the CH or CM and also appears in the neighbor lists of other vehicles,
the infrastructure will remove vehicle i from other neighbor lists to avoid other vehicles
becoming a CH or CM at the same time. The complete process of selecting CHs is listed in
Algorithm 2.
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Algorithm 1 Neighbor List Creation

1: for every vehicle i do
2: for every vehicle j do
3: if i 6= j then
4: if j is on a junction then
5: if (the light wave of j is within the semi-angle of i’s receiver) and (the light

wave of i is within the semi-angle of j’s receiver) then
6: Ni ←− j
7: end if
8: else if i is on a road segment then
9: if (j is moving in same direction with i) and (the light wave of j is within the

semi-angle of i’s receiver) and (the light wave of i is within the semi-angle of
j’s receiver) then

10: Ni ←− j
11: end if
12: end if
13: end if
14: end for
15: end for

Algorithm 2 CH Selection

1: while there is vehicle that are not selected as CH or CM do
2: for every vehicle i with |Ni| == 0 do
3: CH←− i
4: end for
5: CH←− The vehicle i with the highest |N| in vehicles that are not CH or CM
6: for every vehicle j in Ni do
7: CM←− j
8: for every vehicle k that are not selected as CH or CM do
9: for every vehicle m in Nk do

10: if (m == i) or (m == j) then
11: remove m from Nk
12: end if
13: end for
14: end for
15: end for
16: end while

5.3. |N f | Construction

Although CHs can be calculated based on the previous algorithm, the high mobility
of vehicles and the non-penetrating characteristic of VLC may reduce the duration of
CHs. Therefore, we set a timespan (T(e)) with a repeated countdown. Then, we use the
driving routes of vehicles to estimate the number of neighbors per vehicle (|N f |) within the
future T(e) time. The driving routes of vehicles are calculated based on the movements of
vehicles as they enter a road segment. The movement information of a vehicle includes
speed, direction, and its current position. We use the calculated |N f | instead of |N| for CH
selection. The goal is to prolong the CH duration. The calculation of |N f | is related to when
the vehicle appears on the network, as shown in Equation (6). The equation shows that if a
vehicle joins the network at the kth second, the time for estimating |N f | will start from the
kth second to the end of T(e). For the sake of fair comparisons, we divide the sum of |N| for
each vehicle during the period by the time that the vehicle appears in T(e).

|N f | = ∑
T(e)
k |Nk

i |
t

, (6)
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where k is the second that the vehicle i enters the road segment and t is the number of
seconds in T(e) that vehicle appears in the road segment.

Initially, the infrastructure selects a value of T(e) and calculates N for every vehicle.
Then, the infrastructure calculates |N f | for every vehicle before T(e) starts. Finally, the
infrastructure uses |N f | instead of |N| to select CHs. If a new vehicle joins the network
before T(e) starts, the infrastructure first calculates its |N f | for this vehicle. Then, it checks
whether the appearance of this vehicle has affected the |N f | values of the existing vehicles.
If the answer is yes, the infrastructure updates the |N f | values for the affected vehicles.
Otherwise, the |N f | of this vehicle remains unchanged. The complete process of |N f |
construction is listed in Algorithm 3.

Algorithm 3 |N f | Construction

1: Initialize:
Infrastructure set up T(e) to evaluate |N f | of every vehicle

2: for every second in T(e) do
3: if (vehicle i enters the road segment) or (the driving route of vehicle i is changed)

then
4: i transmit its new driving route to infrastructure
5: end if
6: if T(e) has not counted down then
7: for every vehicle i do
8: Infrastructure calculates |Ni

f | by using driving route of vehicle and Algorithm 1
9: end for

10: else
11: if there are new vehicles j joining the network then
12: Infrastructure calculates |N j

f | by using driving route of vehicle and Algorithm 1
13: for every vehicle i do
14: Infrastructure inspect whether j affects |Ni

f |
15: if |Ni

f | is affected by j then

16: Infrastructure recalculate |Ni
f |

17: else
18: |Ni

f | remains unchanged
19: end if
20: end for
21: end if
22: end if
23: end for

6. Simulation Results

In this section, we evaluate the performance of the proposed clustering algorithm
based on the number of neighbors (CBN) and the enhanced version based on the estimated
number of neighbors in the time period (E-CBN). CBN selects the vehicles with higher
|N| values as CHs, and E-CBN selects the CH based on the value of |N f |. We also relate
our algorithms with the following algorithms for performance comparison. The first is
the clustering algorithm based on LLT (CBL). The second is the LID clustering algorithm.
CBL chooses the vehicle with higher LLT as the CH, and LID selects CHs based on their
identifiers. All cluster algorithms were implemented by using Python. The vehicular trace
file was generated by Simulation of Urban Mobility (SUMO) [41].

6.1. Parameter Settings and Performance Metrics

Two scenarios are considered in our simulations, urban area and highway, as shown
in Figures 3 and 4. The map size of the urban area is 600 ∗ 700 m2. There are three lanes
in each direction of each road segment and eight junctions with traffic signs in the urban
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area, where the speed limit is 40 km per hour [42]. The length of the highway scenario is
5 km. There are five lanes in each direction, and the speed limit is 80 km per hour [43].
The total number of vehicles in the urban area and highway is 500. The initial position
of every vehicle and its driving route are random. The semi-angle of the transmitter is
10◦ [18]. The transmission range of each vehicle is 100 m [12]. The total simulation time
is 80 s. We set different values of T(e) to evaluate the influence of the estimated positions
of vehicles. Because we need to calculate the data transmission rate of every vehicle as a
performance metric in our simulation, we set the following parameters for the calculation:
The transmission range of the roadside unit (RSU) is 680 m based on the coverage of
5G base stations [44]. Then, the number of RSUs to cover each scenario is calculated,
where the number of RSUs in the highway is seven and that in the urban area is two.
Every RSU has five channels for vehicles to join randomly [45]. The channel bandwidth is
100 MHz [44]. The transmission power of a vehicle is 200 mWatts [46]. The channel noise is
10−10 mWatts [45]. The path loss factor is 4 [45]. We calculate the data rate of each CH first,
and the CMs of a CH share the available bandwidth. The data rate of CHs can be calculated
by using Equation (7). The parameters used in our simulation are summarized in Table 2.

ri = Wlog2

(
1 +

pigi
ω + ∑j 6=i,j∈C pjgj

)
, ∀i, j ∈ CH, (7)

where W is the channel bandwidth. p is the transmission power of the vehicle. g is the
channel gain between vehicle and infrastructure. C is the set of CHs that stay in the same
channel. ω is the channel noise. The channel gain g is calculated by using Equation (8).

gi = dα
i , (8)

where d is the distance between the CH and the infrastructure and α is the path loss factor.

Table 2. Simulation parameters.

Parameters Urban Area Highway

Map Size 600 m×700 m 5000 m × 100 m
Maximum Speed 40 km/h [42] 80 km/h [43]

Lanes (each direction) 3 5
Total Number of Vehicles 500 500

Semi-angle 10◦ [18] 10◦ [18]
Transmission Range of Vehicle 100 m [12] 100 m [12]

Simulation Time 80 s 80 s
T(e) 20 s 10 s

Transmission Range of RSUs 680 m [44] 680 m [44]
Total Number of RSUs 2 7

Number of Channels 5 [45] 5 [45]
Channel Bandwidth 100 MHz [44] 100 MHz [44]

Transmission Power of Vehicle 200 mWatts [46] 200 mWatts [46]
Channel Noise 10−10 mWatts [45] 10−10 mWatts [45]

Path Loss Factor 4 [45] 4 [45]

We evaluate the performance of different clustering algorithms based on the following
performance metrics:

1. The average data rate: the average data rate of all vehicles for uploading.
2. The number of CHs: The number of CHs selected by a clustering algorithm. The lower

number of CHs also represents that the possibility of numerous vehicles uploading
data to the infrastructure simultaneously can be reduced.

3. The number of CH changes: The number of times that vehicles change their states
from CH to CM. A lower number of CH changes can reduce the communication
overhead for the original CMs.
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4. The number of CM changes: The number of times that vehicles change their states
from CM to CH. Since a CM changing its state to CH will notify its original CH and
new CMs, a lower number of CM changes can reduce the communication overhead.
A new CH will also contact the RSU to announce its presence.

5. The CH duration: The duration of a vehicle serving as a CH. A higher CH duration
implies a lower number of control messages.

6.2. Results Analysis

First, we will analyze the effect of different T(e) on E-CBN in order to select the most
suitable T(e) value for our algorithm. Because there are similar trends in the highway and
urban area, we only present the analysis results of urban area here. Figures 5 and 6 show
the average data rate and the number of CHs for different values of T(e). The results show
that as the value of T(e) increases, the average data rate decreases but the number of CHs
increases. This is because when T(e) is longer, a vehicle with the most neighbors currently
may not be selected as a CH owing to estimated vehicle movements. As a result, more
vehicles are selected as CHs. Since there are more CHs for larger T(e) values, the average
number of CMs per CH is reduced as well.
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Figure 5. The average data rate of vehicles in urban area for different T(e) values.
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Figure 6. The number of CHs per second in urban area.

Table 3 lists the average CH duration and the number of CH and CM changes for
different T(e) values. Although a larger T(e) value would result in more CHs, it also prolongs
the average CH duration and decreases the number of CH and CM changes. This is because
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a larger T(e) value can reduce the occurrences of selecting a vehicle with a higher number
of neighbors only for a short time period. Therefore, vehicles can maintain their states
consistently with longer CH duration.

Table 3. The average CH duration, the number of CH and CM changes for different T(e) in urban area.

Metrics T(e) = 5 T(e) = 10 T(e) = 15 T(e) = 20 T(e) = 25

Average CH duration (s) 5.4 7.0 7.7 7.7 7.9

The number of CH changes 2729 2219 2142 2082 2108

The number of CM changes 2878 2378 2291 2240 2257

It can be seen from this simulation that a longer T(e) value can improve the stabil-
ity of vehicle states but also result in more CHs. In order to keep vehicle states stable
without incurring too many CHs, we set T(e) to 10 s and 20 s in the urban area and
highway, respectively.

Next, we show the simulation results for different clustering algorithms in the urban
area. Figures 7 and 8 show the average data rate and the number of CHs for different
clustering algorithms per second. The data rate without generating any cluster is also
included for comparison (NOC). Obviously, the average data rate of NOC is the lowest
because all vehicles compete for limited bandwidth. CBL and LID have the second-worst
average data rate and the highest number of CHs because CBL only considers the LLT
for CH selection and LID only selects the vehicle with the smallest ID as the CH. Both
algorithms ignore the connection degree of vehicles. As a result, their CHs have lower
numbers of CMs than the other algorithms. As compared with E-CBN, the average data
rate of CBN is improved by 5% on average. The total number of CHs is also reduced by
14%. This is because CBN always selects the vehicles with the most neighbors to minimize
the number of CHs. In contrast, the CHs selected by E-CBN may not be the best at the
moment, but these CHs can usually last longer by considering vehicle movements.
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Figure 7. The average data rate of vehicles in urban area for different clustering algorithms.

Table 4 shows the average CH duration and the numbers of CH and CM changes for
different clustering algorithms in the urban area. CBL has a short CH duration and leads to
the most CH and CM changes. LLT is used to indicate the time period that two vehicles
could communicate with each other, but the VLC between two nearby vehicles could still
be blocked by other vehicles, causing frequent disconnection. Although the number of
CHs in E-CBN is 14% more than CBN, the average CH duration and the number of CH
and CM changes of E-CBN are improved by 52% and 39%, or 37% as compared to CBN
because |N f | is updated only when a new vehicle joins the network or the next T(e) time
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frame starts. As a result, the vehicle states can be smoothly updated by E-CBN. LID has the
best CH duration and number of CH and CM changes since vehicle IDs do not change.

Table 4. Performance comparisons for different clustering algorithm in urban area.

Metrics CBN E-CBNT(e)=10 CBL LID

Average CH duration (s) 3.7 7.7 3.1 10.9

The number of CH changes 3440 2082 5375 1811

The number of CM changes 3571 2240 5541 1973
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Figure 8. The number of CHs in urban area. (CBN: 11,547 CHs, E-CBNT(e)=10: 13,385 CHs,
CBL: 15,017 CHs, LID: 14,486 CHs).

Next, we show the simulation results of different clustering algorithms in the highway.
Figures 9 and 10 show the average data rate and the number of CHs in different clustering
algorithms. As compared to the urban area, the average data rate is increased due to the
additional number of RSUs in the highway. The difference in the total number of CHs
among all clustering algorithms is also reduced because vehicles are scattered in the larger
map of the highway. Similarly, NOC has the worst average data rate. CBL and LID have
the second-worst average data transmission rate and number of CHs because of their
approaches to selecting CHs. As compared with E-CBN, the average data rate of CBN is
improved by 11% on average. The total number of CHs is also reduced by 9%.
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Figure 9. The average data rate of vehicles in highway for different clustering algorithms.
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Figure 10. The number of CHs in highway. (CBN: 8004 CHs, E-CBNT(e)=10: 8740 CHs, CBL: 10,234 CHs,
LID: 9831 CHs).

Table 5 shows the average CH duration and the number of CH and CM changes for
different clustering algorithms in the highway. As compared to the results in the urban area,
the performances of all clustering algorithms are significantly improved in the highway
because all vehicles can only move straight forward in the highway. CBL still has the
shortest CH duration and the highest number of CH and CM changes owing to the LOS
characteristic of VLC. LID has the best CH duration and number of CH and CM changes in
the highway. Because all vehicles move straight forward in the highway, the vehicle status
remains unchanged unless a CH connects to another CH with a smaller ID. E-CBN can
improve the CH duration of CBN by 100%. It also greatly reduces the number of CH and
CM changes. The results suggest that the proposed clustering algorithm based on vehicle
movements can effectively generate stable clusters of vehicles.

Table 5. Performance comparisons for different clustering algorithms in the highway.

Metrics CBN E-CBNT(e)=20 CBL LID

Average CH duration (s) 3.9 7.8 2.8 12.6

The number of CH changes 2352 1286 4498 1170

The number of CM changes 2437 1379 4608 1270

Next, we analyze the performance differences for different values of semi-angle, 10◦,
50◦, and 90◦. A wider semi-angle can relax the LOS requirements to enable communication
even when vehicles are not perfectly aligned. As a result, when the semi-angle increases,
each vehicle can identify more vehicles to result in larger clusters. Tables 6 and 7 show that
the total number of CHs can be decreased with a wider semi-angle. Moreover, the data rate
of CHs is increased with fewer CHs. Among these clustering algorithms, CBN has the best
performance and E-CBN has the second-best performance.

Table 6. The average data rate of CHs for clustering algorithms with different values of semi-angle in
the urban area.

Semi-Angle CBN E-CBNT(e)=10 CBL LID

10◦ 1.21 1.15 0.97 1.02

50◦ 1.61 1.5 1.18 1.22

90◦ 1.74 1.57 1.26 1.26
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Table 7. The total number of CHs for clustering algorithms with different values of semi-angle in the
urban area.

Semi-Angle CBN E-CBNT(e)=10 CBL LID

10◦ 11,547 13,385 15,017 14,486

50◦ 8480 9776 11,492 11,162

90◦ 7932 9171 10,942 10,624

Table 8 shows the CH duration of different clustering algorithms for different values
of semi-angle. As the semi-angle increases, the CH duration is decreased since a wider
semi-angle may result in more connected vehicles and larger clusters. As a result, more
vehicles could be candidates of the CHs to shorten the CH duration. The results suggest
that a wider semi-angle of VLC may degrade the stability of vehicle clusters.

Table 8. The average CH duration for different clustering algorithms with different semi-angle in the
urban area.

Semi-Angle CBN E-CBNT(e)=10 CBL LID

10◦ 3.7 7.7 3.1 10.9

50◦ 3 6.1 2.3 7.7

90◦ 2.7 5.3 2.1 7.3

7. Conclusions

In this paper, we propose a clustering algorithm for VANET, where the communication
between vehicles is based on VLC. Our algorithm generates vehicle clusters by estimating
the number of neighbors per vehicle for a forthcoming time period. The operations of the
proposed algorithm include the estimation of vehicle movements and the CH selection.
The estimation of vehicle movements considers the current positions, speed, and directions
of vehicles to calculate their positions after a predefined time frame. With the estimated
positions of vehicles, the algorithm of CH selection can select vehicles with consistent
connectivity as CHs to improve the stability of clusters. We conducted a comprehensive
simulation to evaluate the performance of our algorithm. Our simulation results show that
the proposed algorithm can control the number of CHs and prolong the lifetime of CHs.
The number of CHs can be reduced by more than 7% and 11% for urban and highway
scenarios, respectively. The lifetime of each CH is also extended twice as compared to the
previous algorithms based on the connectivity among vehicles. Moreover, the transmission
data rate is improved by 12% to promote the effectiveness of vehicular applications. The
performance improvement can be further raised for cases with large semi-angles of VLC,
where the transmission data rate of our algorithm outperforms the previous algorithms by
more than 20%. As a result, our algorithm can effectively improve the stability of clusters
in VANET to achieve reliable and efficient communication for vehicles by using VLC.
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