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Parallel Vehicular Networks: A CPSS-based
Approach via Multi-modal Big Data in IoV

Shuangshuang Han, Xiao Wang, Jun Jason Zhang, Dongpu Cao, and Fei-Yue Wang, Fellow, IEEE

Abstract�Vehicular networks have received great attention as
one of the crucial supportive techniques for intelligent trans-
portation systems (ITS). However, the introduction of dynamic
and complex human behaviors into vehicular networks makes it a
cyber-social-physical system (CPSS). Thus, ACP-based (Arti�cial
systems, Computational experiments, Parallel execution) parallel
vehicular networks (PVN) are proposed in this paper. The frame-
work of PVN is then designed and presented, its characteristics
and applications are demonstrated, and its related research
challenges are discussed. PVN uses software-de�ned arti�cial ve-
hicular networks for modeling and representation, computational
experiments for analysis and evaluation, and parallel execution
for control and management. Thus, more reliable and ef�cient
traf�c status and ultra-high data rate communications are
obtained among vehicles and infrastructures, which is expected
to achieve the descriptive intelligence, predictive intelligence, and
prescription intelligence for vehicular networks. The proposed
PVN offers a competitive solution for achieving a smooth, safe
and ef�cient cooperation among connected vehicles in future
intelligent transportation systems.

Index Terms�CPSS, Parallel System, Internet of Vehicles,
Social Networks

I. INTRODUCTION

The development of wireless communications and network
technologies in the last few decades has brought the research
interests of essential network architectures [1]�[3]. Besides,
an increasing amount of wireless intelligent mobile devices,
e.g., vehicular intelligent devices, have led to tremendous
increasing network workload. Therefore, it is important to
make ef�cient use of limited computing and communication
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resources to increase the capability of supporting mobile ap-
plications. Nowadays, wireless networks gradually evolve into
systems of wirelessly interconnected computational elements
embedded in physical societies [4], [5], with applications in
cellular mobile networks, vehicular networks, smart cities,
smart grids, remote e-health systems and so on.

As one application of intelligent networks, the vision of
intelligent transportation systems (ITS) and vehicular ad hoc
networks (VANETs) is now very close to reality [6], [7]. Vehi-
cles will be equipped with intelligent vehicular devices, which
allow short-ranged wireless communication and hence facil-
itate vehicle-to-anything (V2X) communications. Road(side)
infrastructure will further assist vehicular long-ranged com-
munication for transmitting multi-modal traf�c information to
the core networks, and support intelligent network applications
[8]. VANETs in ITS enables traf�c information exchange, for
example, information about traf�c status, weather conditions,
congestion and accident areas, road conditions, even live video
streaming and �le sharing, etc.

However, �ooding the network by multi-modal data may
exhaust network resources, causing severe contention and
collisions, and VANET failure [9]. Recent rapid advances
of social networking applications in vehicular networks have
been a major drive force for the emergence of vehicular
social networks [10]�[16]. Based on the social interactions
among vehicles and human that communicate for services
and exchange traf�c information, social networks emerge as
a new paradigm to design networking solutions by exploiting
the social properties of vehicular networks, particularly on-
board vehicular devices or mobile devices. For the social
aspect in vehicular communications, many new parameters
must be taken into account, including interaction frequency
among users (e.g., vehicles, passengers, drivers, road and
users), historical data of user behaviors, user habits, etc.

On one side, the explosion of big data and social media sites
is increasingly impacting the users involved in traf�c from
drivers, passengers and pedestrians, with the pervasive use of
vehicular devices and other smart mobile devices. On the other
side, the data provides us massive social signals to manage and
guide traf�c in computational ways. Therefore, the vehicular
network system is one typical complex system because of
its multi-displinary, unpredictable, and dynamic features. The
application of cyber-physical-social systems (CPSS)-based
parallel approach [17]�[20] in complex vehicular network
systems, named as Parallel Vehicular Networks (PVN), will be
able to signi�cantly improve physical vehicular network (VN)
operating status and social network ef�ciency, and thus could
satisfy the changing network demands for traf�c systems.
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Fig. 2. Internet of vehicles.

of vehicular networks. Vehicular communications could be
thought as the social network for vehicles because the drivers,
passengers and pedestrians can share data with others. For
example, there are commonly traf�c jam or accidents in
some speci�c areas, such as intersections, high-speed road
in/out intersections, taxi loading/unloading areas, etc. Besides,
traf�c condition is generally changing according to weather
conditions. Thus, social features and human behavior have
signi�cant impacts on transportation networks.

The social IoV concept is an example of the social IoT,
which is a network of intelligence objects with social interac-
tions. It is commonly described as social interactions among
vehicles that communicate autonomously for services and
information exchange. The main part is the vehicle equipped
with advanced technological devices, while the vehicles may
also use the online social network service to share information
with others. The vehicular network collects real-time data,
and provides the ability to share information among vehi-
cles/pedestrians in different locations. This would combine
the multi-modal data from vehicular networks and social
networks.

C. Network State of the Art
Cloud Radio Access Network (C-RAN), proposed by the

China Mobile Research Institute, stands for centralized, col-
laborative, Cloud RAN [29], is a new type of RAN architecture
to help operators address the existing challenges in current
IoT. C-RAN system centralizes different baseband processing
resources to form a single resource pool to manage them
dynamically on demand. It has several advantages over the
traditional base station architecture, such as increased re-
source utilization ef�ciency, lower energy consumption, and
decreased interference.

Most academic and industrial organizations have utilized
cloud computing and have exploited its bene�ts. However,
cloud architectures usually are not able to handle the demand
of data communications with computing ultra-low latency
requirements in IoT or IoV. For this reason, fog computing
was proposed to meet the changing requirements. Fog com-
puting brings computing closer to the end user, instead of
forcing all processing to backend clouds and forcing all data
communication through backbone network. Fog computing

supports emerging IoT applications that demand real-time and
predictable latency.

A new class of computing approach, mist computing, is
also under investigation. Mist computing consists of very edge
including sensors and actuator controllers. It brings elastic
computing, storage, and communication directly onto the
things, which allows arbitrary computations to be provisioned,
deployed, managed, and monitored.

IoT is a heterogeneous system in terms of platforms, re-
sources, and connectivity. Thus, the main challenge for the
current network is to establish infrastructures that virtualizes
computing, storage, and communication with maximal ef�-
ciency. Consequently, parallel approach [30] would be one of
the essential and important way to achieve this goal.

D. Related Works

With the rapid development of automotive telematics, it
is expected for vehicles to be connected through vehicular
networks and to exchange massive information with their
surrounding environment [9], [31]. Recent technology ad-
vances have dramatically enhanced the functionality of social
and mobile networks in various aspects such as sensing,
computing, communication, and control. To fully exploit the
potential bene�ts of vehicular social networks [14], a great
deal of research have been conducted to make them towards
more ef�cient, reliable, and robust systems of coordinated
components working.

Vehicular social networks were proposed in [32], which
connect physically nearby vehicles and make all the vehicles
to make full use of their proximity to build a virtual social
networks. A novel architecture, called VeShare, was propsoed
in [33] to support highly dynamic and time-sensitive social
behaviors in vehicle networks by separating the control and
data planes of a vehicular network. A novel perspective on
vehicular communications and social vehicle swarms was
studied and analyzed based on a socially aware Internet of
Vehicles with the assistance of an agent-based model intended
to reveal hidden patterns behind super�cial data.

How to combine both the physical and social information
for realizing rapid content dissemination in vehicular networks
has been attracted much more attentions [26], [34]�[36]. For
example, the factor of social relationship in the deployment
of content caching was considered in [37], where a stochastic
geometry theory was applied to derive an analytical expression
of downloading performance for caching networks. A social
vehicle route selection method was introduced in [38] to
reduce traf�c congestion and achieve the purpose of traf�c
�ow control. DynaMIT, represented in [39], generated con-
sistent anticipatory information about the future state of the
transportation network based on current real-time data. In [40],
a privacy-preserving scheme, MixGroup, was proposed to be
capable of ef�ciently exploiting the sparse meeting opportu-
nities for pseudonym changing. A weighted and undirected
graph model for vehicular sensing networks was established
[41] and its time-invariant complex characteristics was veri�ed
relying on a real-world taxi GPS dataset. A driver state
estimation algorithm in [27] was to use multimodal vehicular
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Fig. 3. The framework of parallel vehicular networks.

and physiological sensor data for more promising driver state
estimation.

For the applications, a novel social network architecture for
rail traf�c transportation system was proposed [42], including
the social network service management center, a dedicated
social network for internal information exchanges among the
drivers, the dispatchers, and the train control center, the social
network service for the information exchanges among the train
marshals, crews, and passengers. This framework attempted to
exploit social networks in an active manner in the �eld of rail
traf�c transportation systems to make the system safer, more
secure, reliable, comfortable, and humane. For parked vehicles
around the street, they can form vehicular social communities
with the moving vehicles passing along the road, where the
storage capacity can be increased by using the contents in
parked vehicles. The detailed process of content delivery in
VSNs including interest sending, content distribution, and
content replacement was demonstrated in [43].

III. SYSTEM ARCHITECTURE

As illustrated in [20], CPSS enables the pervasive intelligent
space to interact smartly with people and things anywhere
and anytime. This is built upon the foundation of pervasive
computing, communication, and control. Therefore, based on
CPSS system and the ACP approach, the framework of CPSS-
based PVN is proposed as shown in Fig. 3. PVN becomes
an intelligent system when they are capable to observe and
prescribe what is happening within the system, construct
system models, communicate with internally and externally,
act based on the system decisions, and predict and guide
the future system status by data analysis. There are three
main components in the proposed PVN, which are arti�cial
software-de�ned VN, computational experiments, and parallel
execution.

A. The ACP Approach

Two essential characteristics are essential to complex sys-
tems. The �rst is inseparability, i.e., with limited resources, it is
impossible to determine or explain the global behaviors of the
complex system via independent analysis of its components;
instead, a complex system is viewed as a complete determi-
nation about how its components behave. The second charac-
teristic is unpredictability, meaning that the global behaviors
of a complex system cannot be explained or determined in
advance at a large scope with limited resources.

Many systems involving human and social behaviors display
those two characteristics, which leads to three deductions.

� We must take a holistic approach in modeling complex
systems. Arti�cial systems would be one of the most
effective tools in representing such complex systems in a
holistic fashion.

� There are no �xed once-and-for-all solutions for the
problems in complex systems. Any effective and sat-
is�able solution should be adaptive and able to learn
from its changing environment and previous experience.
Computational experiments are essential in developing
and supporting such solutions.

� Generally, there are no optimal solutions for complex
systems. Parallel execution provides an effective mecha-
nism to implement various solutions, as well as evaluate,
validate, and improve system performance.

The ACP aproach consists of Arti�cial societies, Computa-
tional experiments and Parallel execution [21]�[23].

Arti�cial Systems: Many bene�ts could be derived from
the characteristics of arti�cial systems on modeling complex
systems. For instance, arti�cial systems address the interac-
tivity, interrelationship and integration among several com-
plex systems; Arti�cial systems in real, simulated or mixed
environments are capable of generating complex interactions
and behavior patterns. With these two characteristics, espe-
cially the latter one, the features of real complex systems
could be utilized by arti�cial systems to support various
�exible, controllable and accurate computational experiments.
Furthermore, different behaviors and impact elements could
be quantitatively analyzed, evaluated and predicted.

Computational Experiments: The main purpose of compu-
tational experiments is to generate arti�cial objects and to
proactively create their diverse behaviors based on the interac-
tions of arti�cial objects in a bottom-up way. Simultaneously,
various factors in�uence on these diverse behaviors are jointly
considered to analyze the behavior of the overall system.
Moreover, various algorithms of conventional experimental
analysis can be directly utilized for computational experiments
in the proposed PVN system.

Parallel Execution: Parallel execution means the real-time
interaction between actual system and arti�cial system. The
goal is to make full use of the potential of arti�cial systems
from of�ine to online, from static to dynamic, and from
passive to proactive. Then, the arti�cial systems would be able
to play equivalent roles as actual systems. Various parallel
systems are designed according to practical requirements and
the developing progress of arti�cial systems. Conventionally, it
















