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A B S T R A C T

The growth of vehicles and mobile services has brought new challenges to Internet of vehicles (IoV). In
order to accurately locate vehicles and quickly process data for alleviating the pressure of communication,
clustering method based on data analysis are studied in this paper for vehicles in the Internet of vehicles, so
as to make sure that mobile stations and terminals on the road are able to access maximum transmission
opportunity and suffer minimal communication interference from adjacent vehicles. A satellite-terrestrial
integrated communication framework for the IoV is designed to support analysis of data from vehicles, mobile
tracking of vehicles, and unsupervised adaptive communication scheduling; then, a multi-level cluster-based
satellite-terrestrial integrated communication model (MCSIC) is designed to realize the effective real-time
data communication based on data analysis. Finally, the performance of MCSIC is analyzed through several
simulations.

1. Introduction

The dramatically growing number of vehicles causes more seri-
ous traffic congestion and traffic accidents, which leads to the rising
number of traffic casualties. According to [1], there are 4.2 billion
hours wasted in traffic congestion and more than 30,000 fatalities
caused by traffic accident only in the United States each year. In
order to alleviate these realistic traffic problems, vehicle auxiliary
devices combined with roadside infrastructure constitute the Internet
of vehicles (IoV) to improve the safety, security, and efficiency of
roadway transportation, and provide various services to different types
of vehicles, including private cars, taxies, buses and so on. Wireless
communication technology enables vehicles to communicate with the
surrounding neighboring vehicles, roadside infrastructure, and traffic
control centers, and it is the basis for IoV to collect information [2].
Despite the extraordinary potential of IoV, it still faces the problem of
increasing data transmission computing resources and increasing data
analysis time consumption [3]. How to effectively achieve high quality
mobile services in the IoV faces many challenges. In particular, the
ever-increasing number of vehicles and the complexity of their motions
have led to a decline in the quality of service for the IoV. Moreover,
the communication is the essential part of the network [4]. Therefore,
it is important to improve the communication capacity and real-time
transmission performance of the IoV.

Location service as one of the primary services in smart auto-
mated systems of Internet of Things (IoT) is also an important part of
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IoV [5]. Many researches have focus on vehicle-to-infrastructure (V2I)
and vehicle-to-vehicle (V2V) communications to collect and exchange
local information, such as road conditions and traffic information.
Wang et al. [6] proposed a dynamic clustering and cooperative schedul-
ing algorithm for data services in the bidirectional road scenario based
on the analysis of the SINR in V2V communication, which enables
vehicles dynamically join or leave clusters according to their realtime
velocities and positions. Won et al. [7] designed a phantom jam control
protocol to mitigate phantom jams by capturing the dynamics of traffic
jams. Per-lane speed difference under traffic congestion is also taken
into account in their work. Shieh et al. [8] presented a method to
locate the position of the vehicle and track its trajectory for infrared
V2I communication systems, which is able to locate the position of
the vehicle in a communication area of 6 m in width and 20 m in
length. Yin et al. [9] designed a bicycle sharing system by using a series
of data mining tasks based on real data sets. Emura et al. [10] pro-
posed a road-to-vehicle communication system with relaxed anonymity
by considering time-dependent linking properties, where a vehicle is
unlinkable unless it generates multiple signatures in the same time
period. These methods improve the communication performance of the
IoV from different angles, but they are limited to local short-range
communication and cannot be extended to long-distance real-time data
transmission.

As a typical long-distance wireless communication technology,
satellite communication can provide mobile services for a variety of
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Fig. 1. Satellite-terrestrial integrated communication framework.

terrestrial applications with its wide-area coverage, such as positioning
and navigation services for vehicles supported by global position-
ing system (GPS), BeiDou navigation satellite system (BDS), global
navigation satellite system (GLONASS), etc [11]. However, satellite
communication also has its own shortcomings, especially for it being
easily blocked by obstacles such as buildings, plants and transporta-
tions. Recently, there is a novel trend to integrate satellite systems with
terrestrial networks to provide high quality communication services for
emerging large-scale application [12,13]. The development of satellite-
terrestrial integrated communication is in line with the urgent need for
further development of the IoV, but the scheduling strategy is necessary
to be redesigned to accommodate the IoV environment. In particular,
satellite-terrestrial integrated communication enables vehicles in the
IoV to selectively communicate with satellites, roadside units (RSUs), or
other vehicles as needed [14]. Here, the RSU is a typical infrastructure
in the IoV. Although this choice flexibility increases the network
capacity and the diversity of data transmission mode, it is also need
to take into account the stability of communication and optimization
of global performance [15].

In this paper, we focus on how to utilize satellite-terrestrial inte-
grated communication to improve the quality of mobile communication
services in the IoV. Firstly, we proposed a satellite-terrestrial integrated
communication framework for the IoV (STICI), assisted by intelligent
perception–interaction–control and constrained by satellite-terrestrial
mobile communication, which explores integrative cooperative and in-
teractive new theory and method for communication resource schedul-
ing. The STICI framework integrates satellite communications, ter-
restrial backbone communications, and short-range communications,
including V2V, V2I and vehicle-to-satellite (V2S), to provide flexible,
high-quality, full-coverage mobile services for the IoV. The whole set
of effective platform environment and solution is built to provide
targeted approaches and theoretical foundation for mobile service of
satellite-terrestrial network, and further improve practicality. Then,
comprehensive consideration for multi-modal perceptive information is
used to realize full perception for mobile tracking information through
various types of methods. In addition, interaction data training is
conducted to make satellite-terrestrial network gain experience of com-
pleting communication tasks in different environments, and make it
enable to unsupervised schedule tasks and independently optimize re-
source allocation. Finally, a multi-level cluster-based satellite-terrestrial
integrated communication model (MCSIC) is designed to realize the
effective real-time data communication based on data analysis.

The rest of the paper is organized as follows. Section 2 introduces
the STICI framework and the mobile tracking of vehicles. The proposed
MCSIC for the IoV is described in Section 3 and the performance
analysis of our method based on experiments, is discussed in Section 4.
Finally, Section 5 concludes the paper.

2. STICI framework and vehicle tracking

In this section, the STICI framework with multi-level communica-
tion is described in detail; then both tracking and behavior identifica-
tion of vehicles are designed.

2.1. STICI framework

The STICI framework is designed as shown in Fig. 1 to support dif-
ferent functions, such as data analysis, locating and tracking of vehicles,
and unsupervised communication scheduling of mobile stations and
terminals. The STICI integrates the satellite communication, terrestrial
backbone communication, V2I and V2V communication. Considering
the communication coverage of satellite, roadside unit and vehicles,
a vehicle can select the most suitable communication mode when it
has data to be transmitted. The architecture mainly includes a mode
and state identification module, a trajectory tracking module, a data
analysis module, and a communication scheduling module for the IoV.
Vehicles are equipped with various sensors and devices to get the
surrounding environment information and exchange data with other
vehicles. Based on their real-time and historical generated data, unsu-
pervised learning can be adopted to learn and build data analysis model
to explore the potential rules, then to optimize the data transmission
and resource allocation by adjusting the communication modes. Vehicle
automatic cruise system, GPS, BDS, GLONASS, etc. are employed to
assist in the positioning and tracking of the vehicles. Nowadays the
artificial intelligence technology based geo-spatial information science
can realize massive data acquisition of geo-spatial information, intel-
ligent data analysis, geo-spatial data-driven application [16–19]. For
example, Yairi et al. [20] proposed a new artificial satellite data-
driven health monitoring and anomaly detection method based on
probability dimension reduction and provided valuable information for
satellite operators. Liu et al. [21] designed a multi-scale deep feature
learning method for high-resolution satellite image scene classification,
which is proved to be superior to other allocation algorithms. The
STICI also applies artificial intelligence method into satellite-terrestrial
integrated communication, which is divided into three stages: data
acquisition, data analysis and feedback adjustment. Moreover, the un-
supervised learning and reinforcement learning are used to improve
mobile communication service of the IoV. The historical information
from vehicles such as direction, location, and speed can be analyzed by
using self-learning techniques, which are able to realize predicting the
future position of mobile vehicles, then quickly adjusting the vehicles’
communication mode while changing their positions, to improve the
overall communication efficiency of the IoV [22]. In addition, by
using clustering based on data analysis, vehicles of the IoV are able
to complete data communication by accessing maximum communica-
tion opportunity and suffering minimal communication interference
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Fig. 2. Vehicles communication covered by satellites and roadside units.

of mobile communication service from adjacent vehicles within their
communication coverage [23].

Since the data analysis of the massive data is particularly important
in ensuring the performance of communication scheduling, the STICI
framework utilizes the cloud processing platform to assist the data
analysis. It means that the processing and analysis of the massive data
is realized by programming in the cloud processing platform. Combined
with the self-learning capability of artificial intelligence, results of
data analysis can be feedback to the corresponding computers and
controllers to achieve communication scheduling between vehicles and
satellites, roadside units, or other vehicles, as well as selecting suitable
communication mode for vehicles.

2.2. Vehicle tracking in the STICI

The collaborative strategy of satellite multi-perceptual data analysis
in satellite-terrestrial network, considering the perceived performance
and resource optimization, can improve network communication per-
formance and operation efficiency. During communicating among satel-
lites, roadside units and vehicles in STICI, it is necessary to precisely
locate and track the vehicles because the movement of vehicles re-
quires adjusting the communication mode in time to obtain the best
communication condition. For mobile services in IoV, the location of
vehicles change rapidly over time; thus, it is required to implement
locating and tracking of the vehicles, so as to ensure that the ve-
hicles access stable communication services to improve the overall
communication performance of the IoV. The vehicle tracking of STICI
integrates multiple technologies, such as data acquisition and signal
processing technology, automatic navigation technology, precision ma-
chinery design technology, sensor technology, simulation technology,
satellite communication technology, system engineering technology,
and so on. To achieve the locating and tracking purpose, data filtering
and correction methods are adopted for the readings generated from
these technologies to eliminate the effects of uncertainty on perceived
data caused by interference in the communication between satellites,
roadside units and vehicles. Moreover, the statistical-based learning
methods and reasoning mechanisms can be used for the motion mode of
mobile vehicles, and establishing classification and identification model
to improve their moving identification. In addition, the uncertainty
of self-organizing mapping and data dependency in the process of
perceptual computing is eliminate to get effective perceptual decision.

The satellites are required to be arranged firstly for ensuring that
the satellites which work together in orbit around the earth can cover
all the vehicles in the IoV. That is, the vehicles on the road can only
communicate with those satellites whose coverage area contain them,
which also applies to V2I communication. Considering one vehicle may
be covered by more than one satellite or roadside unit, as shown in
Fig. 2, the vehicle can adaptively choose more suitable satellite or
roadside unit for communication.

2.3. Motion state and behavior identification

With the development of motion capture technology, the acquisition
of vehicles’ motion data becomes simpler and more convenient. The
three-dimensional motion posture data of the mobile stations and ter-
minals can be directly calculated through the acquired information by
means of different sensing devices, such as compass, GPS, monocular
camera, and so on. When tracking the vehicles, the acquired motion
data can be analyzed through artificial intelligence to predict their
future trajectory, which makes the vehicle tracking more rapid and
accurate. Therefore, the STICI gives a behavior intention understanding
method based on vehicles’ motion data. The analysis of historical
evaluation data can be done through the artificial intelligence system,
and the results can be summarized and used for the judgment of future
trends. In this way, it is able to realize the rapid adjustment of vehicles,
as well as rapidly select the most suitable communication mode to
improve the overall communication efficiency of the IoV.

In order to recognize the motion state of mobile vehicles, the repre-
sentative key frames in the set of motion data are extracted firstly. Due
to the high dimensionality of the motion data, the overall performance
is nonlinear, although the locality is linear. For mapping the data to the
low-dimensional manifold space and preserve the local linear features,
the STICI draws on the idea of local linear embedding, which extracts
the key frames while tries to retain motion features during reducing
the dimensions of motion capture data. The key frame set is trained
based on the support vector machine (SVM) to establish a mapping
relationship between the key frames and the basic motion coding set,
so that a set of motions can be converted into a set of motion coding.
In this way, the motion state identification can be realized according
to the mapping relation of motion coding, motion mode and state set.

The vehicle tracking needs to ensure the accurate and complete
extraction of the information from vehicles, but the current vehi-
cle tracking methods have the problem of low accuracy and cannot
use for long-term prediction. Therefore, the vehicle tracking of the
STICI establishes transformational model and realizes vehicle locating
through extracting vehicle motion features and description matching,
then improves vehicle tracking performance through average locating
error and standard deviation to ensure the accuracy of tracking result.

The main purpose of behavior perception is to predict the movement
intention of the vehicles, and conduct logical deduction for the follow-
ing tracking execution. In the STICT, various motions are not isolated
from each other, there is some causal relationship between successive
motions, which can be simulated through probability net. The inference
method based on probability net is adopted in the STICI to make infer-
ence about behaviors of the vehicles. Firstly, the motion recognition
is performed according to the motion that has already occurred, and
the expected result is estimated based on the recognition result. Then,
according to the probability estimation value of the expected result,
probabilistic reasoning is performed on the action that may occur in the
previous step, so as to realize the reverse probability reasoning of the
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Fig. 3. Multi-level clustering.

remaining of the whole process. Finally, a moving route that maximizes
the likelihood of expected results is selected according to the result of
probabilistic reasoning; thus, the trajectory tracking and prediction of
the vehicles is completed.

3. Multi-level cluster-based satellite-terrestrial integrated commu-
nication model

In IoV, the maximum communication coverages of satellites, road-
side units and vehicles, are assumed to be unchanged; moreover, each
vehicle can only communicate with satellites, roadside units or other
vehicles within its communication coverage. Considering that the posi-
tion of the vehicle will constantly change, vehicle tracking is necessary
to select the most suitable communication mode in order to establish
stable mobile communication towards the vehicles while the vehicles
need to select the satellite or roadside unit with the strongest peaking
signal. In particular, the correlation between data is very valuable for
data transmission and processing. We combine the above three factors
to classify vehicles into multi-level clusters, and on this basis, realize
communication scheduling to improve mobile service quality.

3.1. Multi-level clustering

In order to achieve the multi-level clustering in the IoV, this paper
uses the unsupervised learning and takes the vehicles’ transmitted
data as input for data training. Considering a transport packet may
include multiple attribute data, some of the them are important, such
as movement speed, location information, etc., while others can be
ignored. The importance of these transmitted data can be quantified
using the vehicle preference function 𝑢(𝑥) =

∑𝑛
𝑖=1 𝑤𝑖 ∗ 𝑢𝑖(𝑥), where

𝑤𝑖 is the vehicle weight and ∑𝑛
𝑖=1 𝑤𝑖 = 1, and 𝑢𝑖(𝑥) is the preference

value. Therefore, the input data is processed and classified through an
unsupervised learning process to obtain valuable information. Then,
the valuable information 𝑉 = {𝑣1, 𝑣2...𝑣𝑛} of the IoV is extracted
from a large amount of useful and useless information and input into
the vehicle preference function 𝑢(𝑥) to estimate the real-time position
and trajectory of the mobile vehicles and terminals. After that, the
feature extraction is performed on the valuable vehicle information for
searching similarity detection, and the motion information is classified
and described by using the pattern matching and discriminant functions
according to some characteristics of the historical information.

In the presented study, the MCSIC consists of the following four
levels shown in Fig. 3: vehicle-level, infrastructure-level, satellite-level
and space-level.

3.1.1. Vehicle-level clustering
Vehicle-level clustering is limited to the maximum communica-

tion range between vehicles and is affected by three factors: data
correlation, distance between vehicles, channel noise of V2V.

Data correlation analysis can be used to handle a tremendous num-
ber of multi-modal data in various scenarios and extract valuable
information in the IoVs. In this paper, the data package is able to be
decomposed into multiple single modal data, such as a dynamic voice,
dynamic image, and dynamic text. The data correlation calculation con-
siders both high-dimensional data and low-dimensional data. For the
former, the transmitted data dimension of the vehicles is first reduced
using principal component analysis (PCA) [24] and then, transmitted
multimedia data correlation among vehicles, are analyzed via canonical
correlation analysis (CCA) [25]. On the contrary, low-dimensional data
can be directly processed using CCA.

Considering there are two data package sets 𝑋 = {𝑥1, 𝑥2,… , 𝑥
|𝑋|

}
and 𝑌 = {𝑦1, 𝑦2,… , 𝑦

|𝑌 |} from two vehicles including different data
model, data correlation between 𝑋 and 𝑌 can be calculated as [26]:

𝛩(𝑋, 𝑌 ) = corr(𝑎𝑇 𝑥, 𝑏𝑇 𝑦) =
𝑎𝑇𝜔(𝑋, 𝑌 )𝑏

√

𝑎𝑇𝜔(𝑋,𝑋)𝑎
√

𝑏𝑇𝜔(𝑌 , 𝑌 )𝑏
(1)

where 𝜔(𝑋,𝑋) is the weighted covariance matrix between the matrix
𝑋 and itself while 𝜔(𝑌 , 𝑌 ) is the covariance matrix between the matrix
𝑌 and itself. 𝜔(𝑋, 𝑌 ) is the weighted covariance matrix of the matrices
𝑋 and 𝑌 , and 𝑎𝑇 and 𝑏𝑇 is the transformation of the linear coefficient
vector of 𝑋 and 𝑌 , respectively.

Although it is significant to coordinate the V2V communication
based on data correlation to maximize the function of data process,
such as data sharing and data fusion, the interference of V2V com-
munication due to the wireless channel contention and high mobility
of vehicles should be taken into account. In vehicle-level clustering, a
SINR model is adopted to quantitatively evaluate the interference.

Assuming the set 𝑉 𝑠 = {𝑠1, 𝑠2, 𝑠3,… , 𝑠𝑛} represents the sending
vehicles while the set 𝑉 𝑟 = {𝑟1, 𝑟2, 𝑟3,… , 𝑟𝑛} represents the receiving
vehicles, 𝑑(𝑖, 𝑗) is the distance between sender 𝑠𝑖 and the receiver 𝑟𝑗 .
Supposing that the 𝑠𝑖 wants to send data to the 𝑟𝑗 and all the sending
vehicles in the set 𝑉 𝑠 are broadcasting at the same time, the Signal to
Interference plus Noise Ratio (SINR) value [6] is adopted to represent
the interference from the receiver vehicles 𝑉 𝑟 to the sender vehicle,
which is calculated as follows:

𝐼(𝑉 𝑠)→(𝑉 𝑟) =
𝑃𝑡|𝑑|

−𝛼

𝑀0 +
∑

𝑠𝑖∈𝑉 𝑠 𝑃𝑡|𝑑|
−𝛼 (2)

where 𝑃𝑡 is the transmission power of the sender vehicles. 𝑀0 means
the background noise while 𝛼 is the pass-loss exponent. For the thresh-
old 𝜌, if 𝐼(𝑉 𝑠)→(𝑉 𝑟) > 𝜌, the communication between two vehicles can
be successfully performed.
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In addition, the distance between vehicles is also considered for
vehicle-level clustering, it can be calculated using the longitude and
latitude coordinates of the vehicle. 𝑣𝑖 = (𝜇𝑖, 𝜈𝑖) and 𝑣𝑗 = (𝜇𝑗 , 𝜈𝑗 ) are the
location of vehicle 𝑣𝑖 and vehicle 𝑣𝑗 , respectively, where 𝜇 means the
longitude and 𝜈 is the latitude. Thus the distance 𝐷(𝑖,𝑗) between vehicle
𝑣𝑖 and vehicle 𝑣𝑗 can be calculated as follows:

𝐷(𝑖,𝑗) = 2𝑅 arcsin
√

𝐻(𝜇) + cos(𝜇𝑖) cos(𝜇𝑗 )𝐻(𝜈) (3)

where 𝑅 is the earth radius, 𝐻(𝑥) = sin2( 𝑥𝑗−𝑥𝑖2 ).
In the process of vehicle-level clustering, function is integrates the

above three factors and is described as follows:

𝐿𝑉 =
𝑀𝑉
∑

𝑎=1

|𝐶𝑎|
∑

𝑖=1

|𝐶𝑎|
∑

𝑗=1
𝜎𝑉

𝛩(𝑖,𝑗) + 𝐼𝑉 𝑠

(𝑉 𝑠)→(𝑉 𝑟)

𝐷(𝑖,𝑗)
(4)

where 𝑀𝑉 is the number of the vehicle-level clusters, |𝐶𝑎| represents
the number of the vehicles in cluster 𝐶𝑎. 𝜎𝑉 is the regulatory factor to
ensure the 𝐿𝑉 ranges from 0 to 1

The initial matrix 𝛩𝑉 about data correlation is calculated based
on Eq. (1), the distance threshold 𝐷𝑉 is set as the maximum communi-
cation distance of V2V. The largest element in the matrix 𝐿𝑔

𝑉 is selected
out and its corresponding clusters are integrated into a new cluster,
then the modularity 𝑄𝑔 is calculated where 𝑔 represents the iteration
times. If 𝑄𝑔 > 𝑄(𝑔−1) and |𝑄𝑔 −𝑄(𝑔−1)| < 𝜚, the cluster structure is
considered as the final state. The new and integrated cluster is restored
back to the original two clusters, the clustering process is terminated
and 𝐶𝑉 = {𝐶1, 𝐶2,… , 𝐶

|𝐶𝑉 |

} is the cluster set of the final vehicle-level
cluster structure. Otherwise, the current cluster structure is considered
as the initial clustering of the next iteration and is used to re-calculate
the matrix, the above operations are performed until the |𝑄𝑔 −𝑄(𝑔−1)|

< 𝜚.

3.1.2. Infrastructure-level clustering
Infrastructure-level clustering is designed for those vehicles with

far distance that cannot communicate using V2V mode but locate
within the same roadside unit. Assuming that one roadside unit can
allocate the resource to vehicles within its coverage at the same time,
the distance 𝐷(𝑖,𝑟) between vehicle 𝑣𝑖 and the infrastructure 𝑟 can
be calculated according to the equation (3), and the correlation 𝛩(𝑖,𝑗)
between vehicle 𝑣𝑖 and vehicle 𝑣𝑗 is still obtained through Eq. (1). Thus,
the infrastructure-level correlation function is formed as follows:

𝐿𝐼 =
𝑀𝐼
∑

𝑎=1

|𝐶𝑏|
∑

𝑖=1

|𝐶𝑏|
∑

𝑗=1
𝜎𝐼

𝛩(𝑖,𝑗)

𝐷(𝑖,𝑟) +𝐷(𝑗,𝑟)
(5)

where 𝑀𝐼 is the number of the clusters in infrastructure-level cluster-
ing, |𝐶𝑏| means the number of vehicles in cluster 𝐶𝑏, and 𝜎𝐼 is the
regulatory factor to ensure the 𝐿𝐼 ranges from 0 to 1.

The infrastructure-level clustering process is similar with the
vehicle-level clustering. The initial matrix 𝛩𝐼 about data correlation is
computed based on Eq. (1), 𝐷𝐼 is set as the communication coverage of
the roadside unit. The largest element in the matrix 𝛩𝐼 is selected out
and its corresponding clusters are integrated into a new cluster, then
the 𝐿𝑔

𝐼 is computed where 𝑔 represent the iteration times. If 𝐿𝑔
𝐼 > 𝐿(𝑔−1)

𝐼
and |𝐿𝑔

𝐼 − 𝐿(𝑔−1)
𝐼 | < 𝜚, the cluster structure is considered as the final

state. The new and integrated cluster is restored back to the original
two clusters and the clustering process is terminated. Otherwise, the
current cluster structure is considered as the initial state of the next
iteration and is used to re-calculate the matrix 𝛩𝐼 . The above operations
are performed until the |𝐿𝑔

𝐼 − 𝐿(𝑔−1)
𝐼 | < 𝜚. 𝐶𝐼 = {𝐶1, 𝐶2,… , 𝐶

|𝐶𝐼 |
} is the

cluster set of the final infrastructure-level cluster structure.

3.1.3. Satellite-level clustering
When the distance between the vehicles is not in the scope of a sin-

gle infrastructure, but data correlation between the vehicles is still high.
The satellite-level clustering is adopted to tackle the communication of
these vehicles.

Apart from the data correlation between the vehicles in satellite-
level clustering, the interference caused by several satellites should be
taken into account. Considering a vehicle is covered by several satellites
at the same time, the interference from different satellites should be
taken into consideration. Let the set 𝑆𝑖 = {𝑆1, 𝑆2,… , 𝑆𝑟} represents
the satellites who cover the vehicle 𝑖, and the noise interference from
satellites to the vehicle is computed through the following equation:

𝐼𝑆 =
𝑃𝑐 |𝑑|

−𝜆

𝑁0 +
∑

𝑠𝑖∈𝑉 𝑠 𝑃𝑐 |𝑑|
−𝜆 (6)

where 𝑃𝑐 is the transmission power of the sending vehicles. 𝑁0 is the
background noise while 𝜆 is the pass-loss exponent. In addition, The
data correlation between vehicle 𝑖 and other vehicles in the coverage
of same satellite 𝑆𝑟, 𝑆𝑟 ∈ 𝑆𝑖 is calculated as 𝛩𝑖

𝑟. Thus, the satellite-level
correlation function is formed as follows:

𝐿𝑆 =
𝑀𝑆
∑

𝑎=1

|𝐶𝑏|
∑

𝑖=1

|𝐶𝑏|
∑

𝑗=1
𝜎𝑆 (𝛩(𝑖,𝑗) + 𝐼𝑆 ) (7)

where 𝑀𝑆 is the number of the satellite-level clusters, |𝐶𝑏| means the
number of the vehicle in cluster 𝐶𝑏, and 𝜎𝑆 is the regulatory factor to
ensure the 𝐿𝑆 ranges from 0 to 1.

The initial matrix 𝛩𝑖
𝑟 about data correlation is calculated based

on Eq. (1). The largest element in the matrix 𝛩𝑖
𝑟 is selected out and its

corresponding clusters are integrated into a new cluster, then the 𝐿𝑔
𝑆

is calculated where 𝑔 represents the iteration times. If 𝐿𝑔
𝑆 > 𝐿(𝑔−1)

𝑆 and
|𝐿𝑔

𝑆 − 𝐿(𝑔−1)
𝑆 | < 𝜚, the cluster structure is considered as the final state.

The new and integrated cluster is restored back to the original two clus-
ters, the clustering process is terminated and 𝐶𝑆 = {𝐶1, 𝐶2,… , 𝐶

|𝐶𝑆 |
} is

the cluster set of the final satellite-level cluster structure.

3.1.4. Space-level clustering
Space-level clustering contributes to the vehicles that are not within

the coverage of the same satellite. In the space-level clustering, the
space-level clustering that integrates the satellite and the vehicle is
adopted. Only the noise interference from satellites is used to calculate
the space-level correlation function, which is formed as follows:

𝐿𝑃 =
𝑀𝑃
∑

𝑎=1

|𝐶𝑏|
∑

𝑖=1

|𝐶𝑏|
∑

𝑗=1
𝜎𝑃 ∗ 𝐼𝑆 (8)

where 𝑀𝑃 is the number of the satellite-level clusters, |𝐶𝑏| is the
number of the vehicle in cluster 𝐶𝑏, and 𝜎𝑃 is the regulatory factor
to ensure the 𝐿𝑃 ranges from 0 to 1.

Setting 𝜀 as the space-level correlation threshold, if 𝐿𝑃 > 𝜀 firstly,
then the communication between a vehicle and a satellite can be suc-
cessfully performed, and the largest value corresponding the satellite
is selected out to make communication with the vehicle 𝑣𝑖; moreover,
the modularity 𝑄𝑔 of the cluster structure is calculated at 𝑔th iteration.
If 𝑄𝑔 > 𝑄𝑔−1 and |𝑄𝑔 −𝑄𝑔−1| < 𝜍 (𝜍 is a pre-set value), the cluster
structure is stable. Otherwise, the current cluster structure is considered
as the initial state of the next iteration and is used to re-calculate
the matrix 𝐿𝑃 . The above operations are performed until the cluster
structure reach a stable state. The formed space-level cluster structure
of the IoVs is represented as 𝐶𝑃 = {𝐶1, 𝐶2,… , 𝐶

|𝐶𝑃 |
}.

3.2. Communication scheduling

The search for the best communication mode for vehicles to ob-
tain stable mobile communication services, while considering network
throughput and data correlation, is a challenging issue [27]. In this
context, the machine learning method is used to search for the global
optimized communication scheduling decision to ensure that the vehi-
cles can adaptively access, also providing a good user experience for
mobile services in the IoV.

Once the clusters of all levels are formed, the clusters which include
vehicle 𝑣𝑖 form the vector 𝐸𝑖 = {𝐶 𝑖

𝑉 , 𝐶
𝑖
𝐼 , 𝐶

𝑖
𝑆 , 𝐶

𝑖
𝑃 }. 𝐶

𝑖
𝑥 is the cluster of
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Fig. 4. The performance of the proposed MCSIC.

level 𝑥 that include vehicle 𝑣𝑖. Vector 𝐾 = {𝐾 𝑖𝑗
𝑉 , 𝐾

𝑖𝑗
𝐼 , 𝐾

𝑖𝑗
𝑆 , 𝐾

𝑖𝑗
𝑃 } is the

communication mode to be selected for end-to-end data transmission
between vehicle 𝑣𝑖 and 𝑣𝑗 . 𝐾

𝑖𝑗
𝑥 is the element number of 𝐸𝑖∩𝐸𝑗∩𝐶𝑥, and

the communication modes include V2V, VIV (vehicle–infrastructure–
vehicle), VSV (vehicle–satellite–vehicle) and VSSV (vehicle–satellite–
satellite–vehicle). As each vehicle only belong to no more than one
cluster in each cluster level, the element in vector 𝐾 is 0 or 1.

For these four communication modes, vehicles are likely to select
the lower level communication if their 𝐾 of that level is 1, but it
will occur communication congestion. To avoid this situation, the
machine learning is used to predict the communication competition
status of each communication level by using the historical status such
as the number of communication participants, the maximum traffic
and SINR value in each level. Thus the vector 𝜂 = {𝜂𝑉 , 𝜂𝐼 , 𝜂𝑆 , 𝜂𝑃 } of
communication status of each level is generated.

The Eq. (9) is used to choose the communication level for two
vehicles 𝑣𝑖 and 𝑣𝑗 that need to exchange their data.

𝜉 = max{
𝐾 𝑖𝑗
𝑉

𝜂𝑉
,
𝐾 𝑖𝑗
𝐼
𝜂𝐼

,
𝐾 𝑖𝑗
𝑆

𝜂𝑆
,
𝐾 𝑖𝑗
𝑃

𝜂𝑃
} (9)

According to the above equation, the communication mode with the
maximum value is selected. For example, vehicle 𝑣𝑖 and 𝑣𝑗 adopt the

V2V communication mode if 𝜉 =
𝐾 𝑖𝑗
𝑉

𝜂𝑉
.

4. Simulations

In order to evaluate the proposed MCSIC model, several simulations
have been performed using NS-3 network simulator while the data
correlation is calculated for clustering. In the simulation, three kinds of
nodes are defined, which include vehicles, roadside units and satellites.
The simulation area is fixed to 10 km ∗ 10 km, the number of satellites
and roadside units are fixed to 2 and 20 respectively, while the number

of vehicles is ranging from 200 to 1000. The comparison is executed
under different vehicle speeds: 30 km∕h, 50 km∕h and 70 km∕h.

Due to the multi-level framework, the vehicles can access the spec-
trum from either roadside units or satellites. With the assistance of
multi-level communication, which includes V2V, VIV, VSV and VSSV,
any vehicle has four choices for communication, thus the communica-
tion competition in single level is reduced. Moreover, the VSV and VSSV
support long-distance end-to-end communication for vehicles through
satellite relay. The evaluation of the proposed multi-level framework
takes into account four aspects: spectrum utilization rate, average
spectrum waiting time, packet loss rate and modularity. The spectrum
utilization rate is the ratio of occupied spectrum to total spectrum. The
average waiting time is the ratio of vehicles’ total waiting time for
spectrum to vehicles’ number. The packet loss rate is the ratio of the
failure transmission packet number to the total input packet number.
The modularity is the modularity value of vehicle-level clustering.

The Fig. 4(a) shows the spectrum utilization rate, it increases with
the increasing number of vehicles since the MCSIC can make full use
of the free spectrum resources by multi-level communication. Although
the increasing speed of vehicles leads to the decrease of spectrum
utilization, the utilization rate is still over 15% when the amount
of vehicles is over 500 and the speed of vehicles is 70 km∕h. The
Fig. 4(b) shows the evaluation of vehicles’ average spectrum waiting
time, although it increases with the increasing number of vehicles, it is
still below 2 seconds due to multi-selection of communication modes.
The packet loss rate is shown in Fig. 4(c). Since the communication
competition is reduced by using multi-level framework and the redun-
dant communication content is reduced by high correlation, the packet
loss rate is quite low; always below 3% with slow increasing speed
caused by the increasing number of vehicles. In Fig. 4(d), it is possible
to observe that the modularity has a small fluctuation range with the
increasing number and speed of vehicles, which proves the stability of
the vehicle-level clustering.
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5. Conclusion

In this paper, the effective mobile communication service in IoV
is implemented by using satellite-terrestrial integrated communication.
The STICI framework is proposed to integrate different communication
modes, and support unsupervised vehicle tracking and communica-
tion mode selection. Furthermore, a multi-level cluster-based satellite-
terrestrial integrated communication model is designed to improve
real-time data communication based on data analysis. The communi-
cation mode selection is determined by data correlation, location, and
channel competition. Finally, the proposed MCSIC model is evaluated
through simulations to validate the obtained performances.
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