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Abstract: Intelligent transportation has become a hot research field in recent years The development
direction of road traffic construction in the future, the relevant technologies and methods in the
process of gradual promotion and application of intelligent connected vehicles continue to attract
the attention of scholars and engineers. There are more and more relevant theories, methods and
systems. This paper summarizes the current state of microscopic and macroscopic traffic models,
characteristic analysis methods of mixed traffic flow, and lane management methods in connected
vehicle environments. At the end of this paper, the conclusions of this work are presented, and
possible future directions for safety warning research under connected vehicle environments are
discussed. This paper represents the current research status of traffic flow characteristics under
connected vehicle environments to some extent, which can provide references for future traffic flow
characteristic research in terms of framework, methods and technologies, etc.

Keywords: connected vehicle environment; mixed traffic flow; traffic flow model; traffic management;
characteristic analysis

1. Introduction

The connected vehicle technology integrates on-board equipment, roadside equipment,
cloud platform, wireless communication, and other technical means to realize accurate
perception and intelligent management of vehicle information [1]. As a recent research
hotspot of intelligent transportation, the future direction of road traffic construction, rele-
vant technologies and methods in intelligent connected vehicles (ICV) application have
attracted the interesting of scholars and engineers, generating new theories, methods and
systems [2—4]. Related research is summarized from the aspects of traffic flow model, traffic
flow analysis method, and lane management, so as to clarify the research objectives and
main contents of this paper.

This article is to provide a detailed reference by summarizing the research status
of traffic flow in connected vehicle environments. Figure 1 shows that the number of
articles on traffic flow characteristics in connected vehicle environments is increasing year
by year (from 2001 to 2021). Figure 2 is the keyword co-occurrence analysis generated
by VOSviewer (Leiden, The Netherlands) based on the literature reviewed in this paper,
which shows the general keywords distribution. Among them, ‘cav’ is the most frequently
focused keyword of most literature, followed by automated vehicle, characteristics, stability,
platoon, optimization, etc. Based on the performance of these keywords, this article
conducts a survey from the following aspects:

At the beginning of this paper, we introduce the development status of connected
vehicle technology and its basic concepts. Second, the microscopic traffic models (including
car-following and lane-changing) and macroscopic traffic models are introduced in detail.
Next, based on this summary, an approach is proposed for characteristic analysis of mixed
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traffic flow that combines numerical analysis, driving simulation study, and naturalistic
driving study. Then, we examine the research on lane management from two aspects:
speed control optimization and dedicate lane management. Finally, the conclusions of this
study are presented and future research on traffic flow characteristics in connected vehicle
environments is discussed in Section 6.
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Figure 1. Schematic diagram of articles on connected vehicle technology.
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Figure 2. Diagram of the keyword co-occurrence analysis on connected vehicle technology.

2. Overview of Traffic Flow in Connected Vehicle Environments

Recent years have witnessed the gradual maturation of the intelligent transportation
field, manifested by progressing driving assistant technology, communication technology,
and automatic driving vehicle manufacturing technology, with intelligent connected ve-
hicles being the direction of future development. However, there is still a long way to go
before the intelligent transportation system reaches the advanced stage of “smart car, smart
road”. In this process, vehicles with different levels of intelligence and networking will
unavoidably mix with traditional human-driving vehicles, bringing a new type of mixed
traffic flow. Before analyzing the characteristics of new mixed traffic flow, it is necessary to
grasp the development status and trend of technology. Additionally, we need to clarify the
composition and configuration distribution of traffic flow vehicles, and the connotation
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of traffic flow in connected vehicle environments, and then the current research basis and
existing problems.

2.1. The Development Situation and Trend of Connected Vehicle Technologies

The connected vehicle technology is the extension of the Internet of Things in an intelli-
gent transportation system. The connected vehicle technology is an information interactive
network composed of vehicle position, speed, and surrounding road environment informa-
tion. It is based on advanced technologies in sensor, network, wireless communication, and
large-scale parallel computing to carry out V2X (vehicle and vehicle, vehicle and roadside
facilities, vehicle and traffic intelligent control center, vehicle and pedestrian, etc.) [5,6]. The
real-time information interaction is a connected vehicle technology that can realize intelli-
gent traffic management, intelligent dynamic information service, and intelligent vehicle
control. Cooperative vehicle infrastructure technology is an important part of connected
vehicle technology. It is an intelligent transportation technology to improve operational
efficiency and traffic safety through information sharing and intelligent collaboration be-
tween vehicles and road facilities. The diagram shows the relationship of connected vehicle
technology (CV), the internet of things (IOT), and intelligent transportation system (ITS).
(Figure 3).

ITS Ccv 10T

Figure 3. The relationship among CV, IOT, and ITS.

Since the mid-1980s, the United States started to research on intelligent vehicles
and intelligent roads. In 1990, the U.S. Department of Transportation established the
IVHS Organization (later renamed ITS America), and in 1991, the Congress passed the
“Comprehensive Road Transportation Act” to provide financial support for research on
intelligent vehicles and road systems. In 1997, the Federal Communications Commission
authorized the 5.9 GHZ frequency band as the dedicated short-range communication
band for vehicles. At the end of 2002, the special short-range communication standard
ASTM e2213-02 based on this frequency band and using IEEE 802.11a as the underlying
transmission technology was formulated. Since 2003, a series of vehicle road collaborative
system projects have been carried out, such as VII, CVHAS, and IntelliDrive [7,8]. The
Maryland University has developed a traffic monitoring device TrafficView connected
vehicle technology, using the vehicle communication platform as the intermediary for
traffic information collection and release to improve road safety and traffic efficiency [9].
The PATH project initiated by the University of California is on the cooperative control
among vehicles, including adaptive cruise control (ACC), cooperative adaptive cruise
control (CACC), and vehicle linkage control within a platoon [10-12].

In 1993, the ITS Promotion Committee, which is responsible for promoting intelli-
gent transportation and other related work in Japan, was established. Many intelligent
transportation projects carried out in Japan also focus on the application of connected
vehicle technology. In the late 1990s, Japan started research on cooperative driving system
projects. The two main CVIS projects are the ASV plan that focuses on V2V communication
to improve driving safety, and the AHS project on safety driving assistance technology. In
addition, Yuichi Morioka put forward a forward-collision warning system based on vehicle
communication at intersections with poor sight [13].

Many organizations in Europe are also dedicated to promote the development of
connected vehicle technology. ERTICO, an ITS organization, first proposed the basic con-
cept of eSafety. Vehicle communication and collaborative control are regarded as the main
directions in related research projects, such as PReVENT, CVIS, and CarTalk2000 [14]. In
1994, the European Committee on standards drafted the standard for dedicated short-range
communication, and the standard came into force in 1997. In 2005, European vehicle
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manufacturers, suppliers, and research institutions jointly founded the inter-vehicle com-
munication alliance C2C-CC, focusing on the workshop communication interface, commu-
nication mode, and communication standards between vehicle and infrastructure. In 2019,
in view of the increasing importance of networking concepts, European ERTRAC built the
network-connected automatic driving technology roadmap on the previous version of the
automatic driving roadmap referring to the European Union’s STRIA CAT roadmap.

At the same time, in order to further promote the application of connected vehicle
technology, more countries started to build test ground for intelligent connected vehicles.
There are eight famous test sites abroad, namely M-City and GoMentum Station in the
United States, AstaZero in Sweden and IDIAFA in Spain, Mira City Circuit in Britain,
JARI test field in Japan, ACM test site in the United States, and K-City test site in South
Korea (under construction). Among them, M-City, jointly constructed by the University
of Michigan and the Department of Transportation of Michigan, is the world’s first test
site specially designed for testing automatic driving technology and connected vehicle
technology. Another well-known test site in the United States is the GoMentum Station
base, which has rich highway and urban road test scenarios. Astazero, the largest smart
car test site in Europe, features the simulation test of ADAS scenarios. The Mira City
Circuit test site in the UK is known for its networked test environment. At present, the
China Ministry of Industry and Information Technology has approved two national-level
pilot areas of connected vehicle tests and 10 demonstration areas of intelligent connected
vehicles. Shanghai claims the first national demonstration area of intelligent connected
vehicles in China. Additionally, Zhejiang Province claims the application demonstration
area of intelligent transportation. China’s national intelligent vehicle and information
technology demonstration area and smart transportation demonstration area stretches in
Beijing, Hebei, and Tianjin (Xiqing) also possess a national level connected vehicle pilot
area. In addition, in 2017, Beijing established the first dedicated lane for connected vehicles
in China.

The current status of connected vehicle technology tells us that vehicle network
interconnection and intelligent collaborative control have become the main future direction
for intelligent transportation systems. The major developed countries and regions have
carried out a lot of research on it, and some technologies have grown mature. At the same
time, communication standards for collaborative interaction have been issued, and a series
of train networking scenarios have been defined [15-17]. However, there are still great
challenges in realizing the collaborative decision-making of large-scale vehicle and group
vehicle, as well as fully automatic driving control. The related research is still in the stage
of laboratory research and experiment.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

2.2. Related Definitions

e Intelligent transportation system (ITS)

ITS is a general term that covers the application of advanced information technology,
sensor technology, control technology, and computer technology in the field of transporta-
tion to improve current transportation system. It can improve the efficiency and safety of
the traffic system through the cooperation of people, vehicles, and infrastructure, and thus
alleviate traffic congestion, improve road capacity, and reduce traffic accidents.

e Intelligent cooperative vehicle infrastructure system

Intelligent cooperative vehicle infrastructure system refers to the high-precision real-
time dynamic collection and fusion of road traffic environment information through ad-
vanced vehicles, roadside sensing equipment, wireless communication, and information
interaction (I2X and V2X) technologies. It is subject to the agreed communication pro-
tocol and data exchange standard, and covers different vehicle automation levels. The



Sustainability 2022, 14, 7629

50f22

intelligent cooperative vehicle infrastructure system is constructed from three dimensions;
vehicle automation, network interconnection, and system integration. Then, the road traffic
perception, prediction, decision-making, and control functions can be implemented in a
coordinated and efficient way. Finally, a new generation of ITS can be formed to integrate,
coordinate, control, manage and optimize all vehicles, information services, facilities and
equipment, active traffic safety control and road collaborative management, and fully
realize the coordination among people, vehicles, and roads.

e  Advanced traffic management system

The advanced traffic management system is based on intelligent technology, which
is to ensure the integration of various traffic management systems with reliable, safe, and
efficient utilization of road networks, and economic and practical traffic management
systems. The related functions include event detection and emergency response, traffic
management of special events, urban traffic control, traffic signal coordination control, de-
mand management, path-changing navigation, long-distance traffic corridor management,
weather warning system, law enforcement, etc. The contents include the computerized
traffic management center and traffic control center. These centers are important data
sources. Processed data are transferred to traffic participants, providing advice through the
traffic information center.

e Intelligent road network

Intelligent network road refers to the road infrastructure equipment and information
engineering facilities that provide traffic services for road traffic participants. It is a public
service system to ensure the normal operation of traffic activities, mainly including road
structures (subgrade, pavement, bridge, culvert, and tunnel, etc.), traffic engineering, and
ancillary facilities along the line (road signs, marking lines, etc.), energy system, commu-
nication system, information platform, such as monitoring system, sensing system, toll
system, traffic control, navigation, roadside system, and other modern equipment systems.

e Intelligent connected vehicle

Intelligent connected vehicle refers to a vehicle with advanced on-board sensors, con-
trollers, and actuators. It integrates communication technology and information interaction
technology, and exchanges and shares the information between V-X (vehicle and vehicle,
vehicle and road, vehicle and people, vehicle and traffic facilities, vehicle and traffic con-
trol center, etc.). It features complex environment traffic perception, active safety control,
collaborative control, and other functions. Meanwhile, it improves the safety, efficiency,
comfort, energy-saving driving of vehicles, and accelerates the gradual replacement of
human-driven vehicles.

e  Mixed traffic flow

Although the intelligent network connection technology has become the future trend
and direction of intelligent transportation systems, there is still much to improve in intelli-
gent network transportation infrastructure and automatic vehicle control technology for
larger market share. With the gradual maturity of connected vehicle technology, there will
be novel mixed traffic flow that includes human-driven vehicles with traditional visual
perception response operation mode, connected vehicles assisted with the help of informa-
tion perception technology, autonomous vehicles, and connected and autonomous vehicles
operating on the road.

3. Traffic Flow Models for Mixed Traffic Flow

Traffic flow theory develops from the basic theory of traffic engineering. It is a science
to study the law of traffic flow with changing time and space under certain road conditions
physically and mathematically. Traffic flow has interested many scholars and engineers
with different academic backgrounds, including physics, mathematics, sociology, statis-
tics, system engineering, control science, etc. The traffic flow model provides theoretical
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support for the application of traffic planning, traffic engineering design, traffic control,
and management, being an important basis for improving traffic flow theories. The study
on traffic flow theory started in the 1930s. Studies on traffic phenomena and scales laid
the groundwork for the emergence of traffic flow models, which can be roughly classified
into three categories: macroscopic, middle, and mesoscopic traffic flow model. Among
them, the microscopic traffic flow modeling describes the law of single-vehicle movement
and multi-workshop interaction; while the macro traffic flow modeling describes neither
individual motion characteristics nor individual interactions, but the set of vehicles on the
road according to the evolution law of the overall operation of road traffic. The above two
models are the two main directions of traffic flow research. This section mainly reviews
the development of macro and micro models, and elaborates on the current development
status of traffic flow study, providing theoretical support for further research and analysis.

3.1. Microscopic Traffic Flow Models

The micro traffic flow modeling uses the Lagrange method to model the single-vehicle
movement law, describing the operation state of individual vehicles and vehicle-vehicle
interaction. The micro traffic simulation system is based on a micro traffic flow model
that predicts and evaluates the capacity of urban trunk roads, road network optimization
scheme, traffic control strategy, etc., and provides technical support for traffic management
departments in their decision-making process. The microscopic vehicle motion model
includes the car-following model and lane-changing model. At present, as intelligent
transportation develops, the intelligent network connection technology integrates advanced
technologies in communication, information fusion, human—computer interaction, and
automatic driving, to realize the real-time information perception of the road environment,
intelligent control and information interaction between V=X (vehicle to vehicle, vehicle to
the road, vehicle to pedestrian, vehicle to traffic facilities and vehicle to the traffic control
center, etc.). At the same time, more and more scholars have been attracted to study on
the micro model construction of vehicle movement in the intelligent connected vehicle
environment, with many research results obtained.

3.1.1. Car-Following Model
(1) Car-following models under the traditional traffic environment (Figure 4 and Table 1).

Car-following Models

Statistical physics Traffic engineering

Stimulus-response model
> Optimized velocity model > Safety distance model
» Intelligent driver model » Physiological psychological
» Cellular automata model model

Artificial intelligence model

Figure 4. Car-following model classification.

In the early 1950s, the following theory was proposed. The mathematical model based
on the theory of driver’s following behavior is called the following model. After more than
60 years of development, the following theory has developed into a whole set of systems
where a large number of the vehicle following models are proposed. The following theory
is divided into seven categories from the perspective of statistical physics (Table 2) and
traffic engineering [18].
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Table 1. Car-following models from the perspective of traffic engineering.
Model Types Model Characteristics Base Models Novelty Limitations Ref#
The leading vehicle effect on the driver
is expregsed. as a stimulus; the dl.*lye.r s RV model. Simple traffic phenomena can be For more complex traffic phenomena,
. perception is regarded as a sensitivity . : the model will be very complex and
Stimulus-response model . . GM model. modeled, and the implementation . . [19-24]
coefficient to the stimulus, and the . the effect of model implementation
., Newell model. effect is good. X
driver’s response can be expressed as is poor.
the acceleration of the car following.
The driver always expects to keep a
safe headway with the leading vehicle.
When the driver of the front guide car CA model. The safety distance of the model only
Safety distance model suddenly brakes, the driver of the FRESIM model. The model is practical and effective. ensures that collision will not occur [25-28]
following car is allowed enough time to CARSIM model. in case of emergency braking.
slow down and stop, so as to avoid
the collision.
Nowadays, the popular driver
Based on the driver’s perception and psychological car following model
. . - often randomly generates the . .
reaction characteristics, this paper ) O . The current driving psychological car
. . . threshold for dividing various :
Physiological and attempts to introduce more human Wi . . . following model cannot analyze and
c . . . iedemann74 model. driving states according to a certain L [29,30]
psychological model factors into the car following behavior - o . model all driving
R statistical distribution law, in order to . .o,
modeling to better adapt to real btain th d behavior characteristics.
drivine behavi expect to obtain the random
riving behavior. . . .
characteristics of traffic flow more in
line with the actual requirements.
It is difficult to accurately express the The physical meaning of some
driver’s characteristics with a models is not clear, the calibrated
mathematical model, so the artificial The fuzzy MISSION model. It shows certain advantages in parameters change greatly under
Artificial intelligence model intelligence method is a better choice TRAFFIC-JAM model. dealing with complex nonlinear different conditions, and are greatly [25,31,32]

that can effectively describe the driver’s
characteristics. This is also one of the
research hotspots of car-following
behavior modeling in recent years.

Acrtificial neural network model.

Fuzzy neural network model.

problems, and shows good learning
ability under large data samples.

affected by the data. When the
driving environment changes greatly,
the fitting results are often far from
the reality.
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Model Types

Table 2. Car-following models from the perspective of statistical physics.

Model Characteristics

In essence, it is similar to the

Base Models

Novelty

Limitations

Ref#

Optimized velocity model

stimulus-response model, but the
stimulus is the difference between the
vehicle speed and the optimized
speed. The model is more intuitive,
simple, and easy to analyze.

The model includes the acceleration

OV Model.
FVD Model.

By using linear and nonlinear
stability theory to analyze the
optimal speed model, the stability
conditions of the model and the
propagation mechanism of traffic jam
at the critical point can be obtained.

In the model simulation, there exist too
fast acceleration, unreasonable
acceleration and deceleration, and even
reversing and collision.

Intelligent driver model

trend in the free state and the
deceleration trend considering the
collision with the leading vehicle.
The numerical simulation results are
consistent with the measured data
and can reproduce complex
macroscopic traffic phenomenon.

Intelligent Driver Model.

It has parameter calibration. At the
same time, unlike previous studies, a
large number of parameters need to

be calibrated. In this model, only a
few parameters need to be adjusted,
and the free flow and crowded flow
can be expressed separately with the

same expression.

It is difficult to obtain the simulation
effect of intelligent control and
cooperative driving.

[36-38]

Cellular automata model

In essence, it is defined as a dynamic
system that evolves in discrete time
dimension according to certain local
rules in a cellular space composed of
discrete and finite cells.

Wolfram 184 Model.
Na Sch Model.
FI Model.

In the process of simulation
calculation, the calculation speed is
relatively fast, which is especially
suitable for
traffic simulation of large-scale road
networks. At the same time, based on
the model, the reasonably designed
evolution process can reproduce most
common phenomena in traffic.

There are few such regular and consistent
spatial systems in the real world. Some
limitations of cell model restrict its ability

to simulate the real world.

[39-45]
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3.1.2. Car Following Models under Intelligent Connected Vehicle Environment

Connected vehicle technology can help drivers obtain the surrounding environment in-
formation of running vehicles, which is different from the previous situation where drivers
only perceive the traffic environment through visual stimulation (Figure 5). Under the
connected vehicle environment, drivers can obtain accurate information of the front vehicle
and prepare in advance according to the suggestions from the driving assistance system.
The subsequent driving operation is a kind of active psychological behavior. In a connected
vehicle environment, driver’s reaction time can be greatly reduced. With its development,
driver participation in the whole driving process will gradually decrease, and the impact
of human factors on traffic flow will be weakened. The intelligent connected vehicle has
attracted much attention of scholars, and more and more researchers will study the car
following model in the future. According to the degree of vehicle intelligence and network
connection, the car following model can be divided into four categories: human-driven
vehicle (HDV), connected vehicle (CV), autonomous vehicle (AV), and connected and au-
tonomous vehicle (CAV). At the same time, due to the advantages of platoon organization
in the field of traffic application and the enhancement of collaborative interaction between
vehicles, the traffic flow configuration in road traffic will be more complex.

0 Level of connectivity 1
_________ f )
Automation Human-driven | Connected 1 Intelligent
level vehicle 1 vehicle 1 and
————==- - ! |, connected
1 Automated Connected and vehicle

| vehicle automated vehicle !

Figure 5. This is a figure. Schemes follow the same formatting.

According to Dr. Chai of the Beijing Institute of Technology, the trajectory of vehicles
with real-time safety warnings can be predicted in a period of time under the connected
vehicle environment [46]. By analyzing the NGSIM trajectory data which demonstrate the
characteristics of connected vehicle data, researchers can extract the response time and
minimum safety distance between vehicles to external stimuli based on Newell theory.
Qin et al. [38] chose IDM as the car-following model and adjusted the parameters based
on the characteristics of the connected vehicle, so they can accurately obtain the driving
state of the front vehicle. The adaptive cruise control system (ACC) has become a hot
spot. ACC system uses radar to monitor the current traffic situation around the vehicle,
and the calibration value is the design distance between two vehicles. Building a ACC car
following model requires the following three steps: Selecting appropriate parameter values
to define the control mode under different car following states. Then, constructing the ACC
car-following model and algorithm under different control modes. Finally, calibrating and
evaluating the parameters of the improved ACC model under multiple control modes. To
reduce headway for better traffic efficiency, Shladover et al. developed a CACC model based
on the ACC model [11]. Through the literature review, it was found that the ACC model
and CACC model were often used as the primary car following models of autonomous
vehicle and connected automatic vehicle.

The PATH laboratory of Berkeley in California obtained real ACC vehicle trajectory
data from four real vehicles equipped with the ACC control system, and calibrated the ACC
car-following the model with a constant headway strategy. The ACC model is as follows:

an(t)=ky(xy—1(t) — xn(t) — Ly—1 — S0 — tavn(t)) + koAvy,(t) 1)

where, {; s the expected headway parameter of the ACC vehicle, k; s the error control
coefficient of vehicle spacing, and k; is the control coefficient of the speed difference.
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Through the long-term study on the characteristics of CACC traffic flow, the CACC
car-following model based on nonlinear dynamic headway strategy proposed by PATH
laboratory of the University of Berkeley in California is as follows:

v = vy +kpe +kge
{e:h—l—so—tcv @)

where v is the current control speed of CACC. v, is the speed of the previous control
time. kj, is the control coefficient of vehicle spacing error. k; is the control coefficient of the
differential term of vehicle spacing error. ¢ is the error between the actual vehicle spacing
and the expected vehicle spacing at the previous control time. ¢ is the differential term of e
to time. ¢, is the expected safe headway of CACC vehicle. s is the minimum safe distance
of vehicle braking. 1 is the equilibrium space headway of CACC vehicle.

3.1.3. Lane-Changing Model

Lane-changing behavior is a kind of driving behavior that drivers leave one lane and
change into the adjacent lane to achieve driving purpose after comprehensively analyzing
the surrounding vehicle status, including vehicle speed, vehicle spacing, road conditions,
traffic control, and other affecting factors. There are three steps to complete a lane-changing:
generation of lane-changing intention, feasibility judgment, and execution of the lane-
changing operation. According to drivers’ intentions, lane-changing behaviors include free
lane-changing, cooperative lane-changing, and compulsory lane-changing. Compulsory
lane-changing takes place when drivers must leave the lane before a certain point due to
diversion, merging, or obstacles affecting normal driving in the lane. Free lane-changing
occurs independently in pursuit of faster and larger free driving space, usually with slow
vehicles ahead. Car-following behavior and lane-changing behavior are the two most
important driving behaviors of vehicles and are also two important aspects of microscopic
traffic flow simulation. Compared with the modeling process of car-following behavior,
lane-changing behavior is more complex. However, it has been widely applied in micro
traffic simulation, traffic capacity analysis, traffic safety assessment, and driving assistant
decision support, attracting many scholars” attention. At the same time, in order to reflect
the real state of traffic flow, many lane-changing models have been proposed, including
the gap acceptance model [47], the acceptance model of acceleration (deceleration) [48],
the trajectory planning model of lane-changing [49], and the optimized speed model of
one-way multi-lane [50].

Under the connected vehicle environment, according to the real-time perception
of the surrounding vehicle status, road traffic environment, and calculation results of a
corresponding driving decision-making model, drivers can prepare in advance and deal
with the complex traffic environment safely according to the generated trajectory planning.
At present, scholars have made some achievements in the lane-changing decision-making
model under the connected vehicle environment. Robin et al. [51] designed an automatic
sensing system based on sensors and vehicle controller area network technology. They
also used the Bayesian network model to evaluate vehicle traffic status, so as to provide
lane-changing suggestions. Simon et al. [52] proposed a situation evaluation method for
lane-changing strategy planning. Li et al. [53]) summed up the critical safety time of
lane-changing under various motion states and proposed the minimum safety distance
lane-changing model based on the safety potential field theory. Using the distribution of
the safety potential field, real-time intervention in the lane-changing process improves
traffic safety and efficiency. It has an important theoretical significance for multi-vehicle
coordinated lane changing, automatic driving, and vehicle group optimization control in
the future.

3.2. Macroscopic Traffic Flow Models

Macro traffic flow modeling focuses on the overall characteristics of road traffic flow
and does not specifically describe the interaction between individual vehicle movement
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characteristics. The macroscopic traffic flow modeling is usually based on the lattice model
and fluid mechanics theory. The vehicles that make up the traffic flow are regarded as the
compressible continuous fluid medium. The macroscopic evolution law is characterized by
the average speed, traffic flow, and density of the group vehicles, so as to reveal the main
dynamic behaviors of traffic flow. The macroscopic traffic flow model originated from the
LWR model proposed by Lighthill, Whitham, and Richards, namely the motion wave model,
which can describe the nonlinear propagation characteristics of traffic flow according to
the law of vehicle number conservation [54,55]. Since then, studies on the macro-level
of traffic flow have been conducted. Payne proposed a speed gradient model based on
Newell car-following model. Later, Whitham et al. improved the model, describing such
phenomena as trend charts and traffic delay. Daganzo [56] proposed the cell transmission
model, which is a discrete form of LWR model based on the trapezoidal relationship
between traffic flow and density. The model discretizes the partial differential equations by
finite difference method and simulates typical dynamic characteristics of traffic flow such
as shock wave, congestion formation, and dissipation. Based on Bando’s idea that traffic
flow can be obtained with optimal speed and average density, Nagatani [45] proposed a
discrete lattice hydrodynamic model to describe the nonlinear characteristics of traffic flow
density wave. At present, the research of macro modeling for mixed traffic flow of vehicles
with the intelligent network is mostly derived from the traditional macro traffic flow model
of “small car-large truck”. Daganzo et al. [57] proposed a multi-lane LWR macro model
based on the first-order LIWR macro model and proposed a multi-lane LWR macro model
based on lane-changing behavior. Qian et al. [58] extended the cellular transmission model
of single-vehicle traffic flow and proposed a multi-vehicle CTW model. The model was
verified in the analysis of macro-evolution characteristics of traffic flow through numerical
simulation experiments and measured data.

For the traffic flow mixed with intelligent connected vehicles and human-driven ve-
hicles, Ngoduy et al. proposed macro traffic flow models based on the gas dynamics
theory, and verified the characteristics of the proposed models through simulation ex-
periments [59,60]. Qin et al. used the CACC model and IDM model to simulate the car
following behavior of intelligent connected vehicles and human-driven vehicles, respec-
tively [61-65]. Based on the basic graph model with different proportions of intelligent
connected vehicles, a general analytical framework of LWR model was established, and the
shock wave characteristics of the model were simulated and analyzed.

4. Methodology of Characteristics of Analysis for Mixed Traffic Flow

The analysis of mixed traffic flow under the ICV environment provides a scientific
theoretical basis for the large-scale application of the intelligent connected transportation
system in the future. On the other hand, it provides basic methodological support for
traffic flow characteristics research and operation management control under the intelligent
transportation system.

4.1. Numerical Simulation Analysis Method

Considering the characteristics of traffic flow in the environment of the autonomous
highway system, Ran and Tsao derived the car-following model of platoon organization
mode based on the traditional car-following model, and gave the general expression of
three parameters relationship of macro traffic flow [66]. Based on numerical simulation,
the influence of the platoon structure on the macro traffic flow was analyzed.

Vander et al. [67] used Monte Carlo simulation to estimate the impact of the proportion
of ACC and CACC vehicles on freeway capacity and analyzed the sensitivity of headway
parameters of ACC and CACC vehicles.

Talebbour and Mahmassani applied the car-following model, which distinguished the
characteristics of network connection and automatic driving, to gain the scatter diagram of
flow density speed under different traffic flow. When the value of penetration rate of intel-
ligent connected vehicles is given, the influence of the proportion of intelligent connected



Sustainability 2022, 14, 7629

12 of 22

vehicles on traffic capacity is analyzed through numerical simulation experiments [68]. The
research results are shown in Figure 6.
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Figure 6. Maximum throughput (veh/h/lane) at different market penetration rates of connected
and autonomous vehicles for a platoon of regular, connected, and autonomous vehicles with infinite
length [68].

To analyze the characteristics of traffic flow mixed with IDM car-following model, CACC
car-following model, and its degradation mode ACC car-following model, Chang et al. car-
ried out numerical simulation experiments [69]. The results showed that an intelligent
connected platoon could effectively improve the capacity of basic freeway sections [70,71].
Ye and Yamamoto established the traffic flow model of the dedicated lane and obtained
the dedicated lane capacity by numerical simulation. The simulation results showed that
the dedicated lane can improve traffic efficiency to a greater extent when the traffic flow
is of low density [72]. Based on the relationship between speed and headway, Chen et al.
analyzed the influence of the intelligent connected platoon penetration and platoon size
restriction on traffic capacity with different lane management strategies by numerical sim-
ulation [73]. Bujanovic and Lochrane proposed the traffic capacity calculation model of
traffic flow mixed with CACC and its degradation ACC vehicles at different CACC pene-
tration rate and platoon size based on the analysis method in HCM2016 [74]. Chang et al.
analyzed the stability of traffic flow mixed with intelligent connected vehicles by using the
stability analytical framework of mixed traffic flow proposed by Ward. The influence of
relevant parameters on traffic flow stability was analyzed through numerical simulation
experiments, which provided a theoretical reference for the design of intelligent connected
vehicle control parameters [75]. Qin et al. proposed the first-order traffic flow LWR model
mixed with intelligent connected vehicles [76]. The results of theoretical analysis of the
propagation characteristics of traffic wave and shock wave in the mixed traffic flow were
verified by numerical simulation experiments. Lee et al. studied the real-time intersection
control algorithm of cumulative travel time response under the connected vehicle environ-
ment and analyzed the effect of the penetration rate of connected vehicles on intersection
delay and average speed through numerical simulation [24].

4.2. Simulation Experiment in a Software Virtual Environment

Fernandes and Nunes proposed the multi-platoon position and collaborative control
strategy for the dedicated lane traffic flow of intelligent connected vehicles. Multi scenes
and the algorithm were evaluated through the Matlab-Simulink simulation analysis (see
Figure 7). The results showed that the proposed algorithm could ensure high traffic capacity
and density, and avoid traffic congestion [77].
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Figure 7. Information flow diagram of agent-based platoons [77].

Feng studied the system control strategy of the autonomous vehicle at intersections,
and proposed the collaborative control algorithm for vehicles passing through the intersec-
tion. The simulation experiment was carried out with VISSIM. The results show that the
proposed automatic driving vehicle control algorithm can effectively improve the traffic
capacity at the intersection [78].

Rahman and Abdel evaluated the traffic flow safety under different lane management
strategies and different penetration rates of intelligent connected vehicles using VISSIM
software and its external interface C++ programming to simulate the intelligent connected
vehicle environment. The results showed that the safety of intelligent connected vehicle
dedicated lanes under the same penetration rate was better than other lane management
strategies [79].

Zhao and Sun used the application programming interface of VISSIM to construct
CACC platoon formation, adjustment, leaving the platoon, dissolution, and other simula-
tion frameworks (see Figure 8). Through the simulation experiment, quantitative analysis
of the impact of different penetration rates and platoon size restrictions on traffic capacity
were carried out [80].
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Figure 8. The diagram of interchanges between Driver Model DLL and VISSIM [80].
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Amoozadeh et al. [81] proposed a CACC platoon management protocol based on
wireless communication among connected vehicles. The effectiveness of the proposed
protocol was verified by the comprehensive simulation platform VENTOS based on SUMO
and OMNET++. The parameters under different platoon control strategies based on
headway were calibrated.

4.3. Driving Simulator-Based Simulation Experiment

Based on a driving simulation experiment, Yue et al. studied the influence of the
forward-collision warning system on driving behavior in the fog area. The experimental
results showed that the forward-collision warning system could reduce the approaching
collision events by 35% [82].

To study the influence of connected vehicle technology on driving behavior in the
tunnel section, Vashitz et al. [83] evaluated the influence of HMI, a human—computer
interaction equipment, on driver’s distraction in a driving simulation experiment. The
results showed that the influence of HMI on driver’s distraction was very small, and
HMI could relieve driving anxiety and boredom. Besides, based on driving simulation,
Fu et al. [84] verified that the on-board HMI can improve driving safety in tunnel section
and had different effects on improving safety in different positions.

Based on driving simulation, Chang et al. [85] studied the influence mechanism
of longitudinal driving behavior and information action mechanism in tunnel section
and evaluated driving safety and traffic flow smoothness under the connected vehicle
environment. The CV environment design framework is shown in Figure 9.
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Figure 9. The CV environment design framework [85].

Walch et al. [86] proposed a cooperative interaction system between automatic vehicles
and drivers to overcome the limitation of an automatic system or the uncertainty of the
traffic environment, so as to avoid the full takeover state driven by the automatic driving
system. The driving simulation experiments of 32 participants showed that participants
feel very comfortable when dealing with random traffic events.

Vaezipur et al. [87] analyzed the impact of vehicle human—-computer interaction design
on traffic safety and eco-driving through a driving simulation experiment of 40 drivers. The
results showed that when HMI provided information suggestion and feedback, it helped to
realize eco-driving and improve safety.

To analyze the influence of cruise control CC and adaptive cruise control ACC on
driving behavior, Mark Vollrath et al. conducted a driving simulation experiment at German
Aerospace Center [88]. Participants drove different driving scenarios under three different
conditions (ACC, CC, and manual driving without any system assistance), including
secondary task conditions. The results showed that both systems could reduce speeding
violations. There is no evidence that drivers paid more attention to secondary tasks when
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driving with CC or ACC. However, drivers’ response will be delayed in emergencies, such
as in narrow bends or fog areas.

4.4. Naturalistic Driving Data-Based Statistical Analysis Method

Natural driving research refers to the research in which the driver’s real driving
process is observed and recorded by a high-precision data acquisition system under natural
state (i.e., no interference, no interference of experimenters, and normal driving state).
Chai [46] used the trajectory data of the NGSIM, which shares similar characteristics of high
data acquisition frequency, relatively accurate data, and multiple data types. The Newell
theory was applied to extract the reaction time and minimum safety distance of vehicles
when drivers were responding to external environmental stimulation, and provided a
theoretical basis for the construction of a safety early warning system under the connected
vehicle environment.

Ben et al. [89] collected the data of car-following behavior when the forward warning
system was open on the test road and found that drivers kept a longer following distance
than the traditional environment (FCW off).

Farah et al. collected 35 test drivers who drove vehicles with or without COOPERS
system. The COOPERS system vision is illustrated in Figure 10. The data related to driving
behavior, physiological measurement, and user acceptance were collected. The impact of
the infrastructure vehicle cooperative system on driver behavior was studied [90].
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Figure 10. COOPERS vision of continuous bidirectional 12V communication along motorways
(GPS = Global Positioning System, ESP = Electronic Stability Program) [90].

Farah and Koutsopoulos collected the trajectory data of test vehicles and the front
vehicle with and without the 12V system, as well as sociodemographic characteristics of
the test drivers. The results showed that the I2V system reduced the range of acceleration
and deceleration differences among drivers, and its influence on elderly drivers was more
significant [91].

Fu et al. [84] investigated the effects of in-vehicle navigation on drivers’ perceptual
behavior and driving behavior at tunnel entrance through natural driving experiments
of 20 drivers in seven tunnel sections. The results showed that in-vehicle navigation
significantly affected drivers’ perceptual response, and the effects were varied in different
areas of the tunnel entrance.

In order to verify the feasibility of the intelligent connected vehicle driving simulation
test, Pariota et al. [92] compared and analyzed the stable car following state data of drivers
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in the real road environment and two types of driving simulation virtual environments in
the Italian DRIVE IN2 research project.

5. Lane-Management Methods for Mixed Traffic Flow
5.1. Speed Control Optimization Methods

Wau et al. [93] proposed a variable speed limit (VSL) feedback control framework (see
Figure 11) considering the relationship between headway and sight distance under the con-
nected vehicle environment. They evaluated the effect of proposed control strategy on traffic
safety with two indicators: time to the collision while braking (TTCp,,k.) and total travel time
(TTT). The results showed that VSL control performed an important role in reducing the risk
of rear-end collision, and the control effect was affected by the compliance rate.
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Figure 11. Implementing VSLs in CV environment [93].

Based on the driving simulation experiment platform, Yang et al. [94] evaluated the
influence of the variable speed limit (VSL) warning system on the driving behavior of
truck drivers under severe weather conditions in Wyoming. The results showed that the
VSL warning system could reduce average speed and the speed difference of drivers with
connected vehicle technologies, and could bring potential safety benefits.

Taking the variable speed limit system and real-time traffic information system of
the vehicle navigation system as examples, Ackaah et al. [95] evaluated the effect of the
advanced travel information system on driving behavior by analyzing the spatiotemporal
regions of the real-time traffic conditions measured by the information broadcast.

To improve the traffic efficiency and traffic safety in ramp area, Wang [96] proposed a
cooperative vehicle infrastructure system that regulated the traffic flow through variable
speed limit control and on-ramp control.

5.2. Optimization Methods of Dedicated Lane-Management Strategy

Amir et al. [97] proposed a compact lane management model to determine the optimal
number of lanes for intelligent connected vehicles considering different traffic demand
levels, the penetration rate of intelligent connected vehicles, and the strength of CAV
platoons. Thus, the lane management strategy could maximize the traffic capacity of multi-
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lane highway sections, and the analytical method was determined for solving the optimal
number of CAV lanes under certain headway setting.

Hu and Sun [98] proposed an online control algorithm for the merging area of multi-
lane freeway based on lane-changing and car following trajectory optimization. Firstly, to
ensure the safety and the smooth lane-changing process, a collaborative lane-changing con-
trol (CLCC) optimization model was proposed according to the rule-based lane-changing
decision-making strategy. Then, the upstream traffic flow distribution of the merging point
was adjusted, and the downstream traffic flow distribution was finally balanced. Secondly,
the cooperative mixed control (CMC) model was used to be flexible near the merging
point. Thirdly, a dynamic moving boundary point method was designed to coordinate the
continuous execution of CLCC and CMC models.

Ma and Wang [99] introduced a basic graphic method to compare the performance
of traffic flow mixed with autonomous vehicles under different lane numbers, which can
reveal the advantages and disadvantages of dedicated lanes at different penetration rates
of intelligent connected vehicles, and then determine the setting mode of dedicated lanes.
In addition, they suggested that the traffic flow would exceed the operation results of the
road without a dedicated lane in many cases (the penetration rate is between 10-90%). That
is, unless the number of CAVs is too small or too large, there should be no dedicated lane.

Ghiasi et al. [100] believed that intelligent networked vehicles may operate with
smaller longitudinal and lateral spacing than traditional human driving vehicles (HVS),
thanks to the developing technologies in rapid and accurate control and cooperative mo-
bility. Additionally, narrower expressway lanes can be allocated to intelligent networked
vehicles to increase traffic capacity. Based on this, they put forward a lane management anal-
ysis framework, which determined the optimal number of lanes for intelligent connected
vehicles to maximize the traffic capacity of highway sections, considering the application
of the narrow CAV lane width.

Chen et al. [68] developed a general theoretical framework to study how the macro-
scopic capacity in equilibrium traffic would change with the introducing of AVs. They
considered the scenario of a two-lane highway, and derived the capacity functions for three
different lane policies in which lane 1 only allows AV platoons and lane 2 RVs; (M, R) policy,
in which lane 1 allows both AV platoons and RVs (i.e., mixed traffic), and lane 2 allows RVs
only; and (A, M) policy, in which lane 1 is dedicated to AV platoons and lane 2 has mixed
traffic), see Figure 12.
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Figure 12. Implementing VSLs in CV environment [68].

6. Conclusions and Prospects

The study on characteristic analysis of traffic flow mixed with intelligent connected
vehicles is very crucial for optimizing traffic control method under different ICV technology
development stages and traffic flow states. Related research can not only provide a theoreti-
cal basis for constructing large-scale intelligent connected transportation infrastructure, but



Sustainability 2022, 14, 7629 18 of 22

also provide a reference for the establishment of connected and autonomous vehicle route
maps. Moreover, it is also of great value in engineering applications. This paper introduces
the current status and future trend of connected vehicle technologies, traffic flow models,
the methods for the characteristic analysis of traffic flow, and lane management methods.
This work represents the current research status of the characteristic analysis of traffic flow
under a connected vehicle environment and provides references for related research.

Now, many models have been built on traditional methods. In the future, more traffic
flow models should be studied, considering the reinforcement learning theory, transfer
theory, etc. Advanced technologies will lead to a changes in the traffic operating environ-
ment. Thus, the car-following model, the lane-changing model, and the vehicle control
model need to be updated iteratively [101]. In addition, the updating of traffic control
technology will bring about a change in traffic management methods [102]. Moreover,
the increased popularity and wide application of intelligent connected vehicle technology
would help to obtain more actual operation data, and the traffic flow theory based on the
statistical analysis of actual operation data will be a lasting academic hotspot. Besides, with
the maturity and gradual application of the intelligent connected vehicle technology, it is
of great significance to study the traffic management application scheme combining the
theoretical analysis research results with the practical application of traffic engineering.

With the development of connected vehicle technology, the road traffic flow will
be composed of many types of vehicles (including manual driving vehicles, take over
vehicles, fully automatic driving vehicles, etc.) and traffic flow configuration, the traffic
flow characteristics will be more complex. At present, the existing research rarely describes
the micro driving behavior characteristics to the meso-traffic flow from the perspective
of human factors. In addition, there is still a lack of systematically research on traffic
flow characteristics mixed with intelligent connected vehicles, including the analytical
expression of mixed traffic flow consisting of vehicles with different degrees of intelligence
and connectivity, the construction of basic graph model, the capacity and stability analysis,
and the analysis of the effect of intelligent connected vehicles on sustainability [102].
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