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Review of Lane‑Changing Maneuvers 
of Connected and Automated Vehicles: Models, 
Algorithms and Traffic Impact Analyses

1 Introduction
Developments of connected and automated 

vehicles (CAVs) have brought significant benefits 
in promoting road capacity, enhancing mobility, 
and reducing fuel consumption1. The major 
research efforts on CAV technologies include 
cooperative collision avoidance, platooning, 
cooperative cruise control, and lane changing2. 
Lane-changing technology is arguably the most 
complex one among them and critical to enabling 
higher levels of vehicle automation. It pertains to 
opportunistic or mandated transfer of a host 
CAV from the current lane to an adjacent lane. In 
general, the CAV lane-changing system consists 
of four key modules: vehicle-to-vehicle (V2V) 
communication, localization, lane-changing deci-
sion and planning, and vehicle control algo-
rithms3. With the help of V2V communication, 
the position, speed, and acceleration of the sur-
rounding vehicles can be acquired faster and 
more accurately. Often to complement V2V, 
localization aims to provide information on 

Light detection and ranging: 
LiDAR is a surveying method 
that measures the distance to 
a target by illuminating the 
target with laser light and 
measuring the reflected light 
with a sensor.

Platooning: Platooning is a 
method for driving a group 
of vehicles together. It is 
meant to increase the capacity 
of roads via an automated 
highway system and decrease 
associated energy consump-
tion and emissions.

Connected and automated 
vehicle: Connected and auto-
mated vehicle is a self-driving 
vehicle equipped with com-
munication devices, allowing 
the vehicle to share informa-
tion with the roadside unit 
and surrounding vehicles.
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Abstract | Connected and automated vehicle (CAV) technologies have 
been developed to improve traffic safety, mobility, and environmen‑
tal impacts throughout the years. One of the enabling CAV technolo‑
gies is the lane‑changing function, which has attracted much attention 
from both industry and academia in recent years. This paper provides 
an overview of representative studies on CAV lane‑changing models, 
algorithms, traffic impact analyses as well as testing experiments. Sev‑
eral crucial concepts, such as vehicle‑to‑vehicle (V2V) communication, 
lane‑changing decision and planning, and vehicle control algorithms are 
focus of this review. Overall, despite existing successful studies on CAV 
lane changing, research gaps between state‑of‑the‑art technologies and 
real‑world CAV applications are identified in the hope of facilitating future 
research in this direction.
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surrounding vehicles based on the on-board sen-
sors. The provided information is used for lane-
changing decision and planning when V2V 
communication is not stable, or CAVs operate in 
a mixed traffic environment, including CAVs and 
regular human-driven vehicles. Currently, exist-
ing studies concerning CAV localization can pro-
vide both absolute and relative positions4. A 
variety of sensors including vision, light detection 
and ranging (LiDAR) and radar can offer relative 
measurements concerning the surrounding envi-
ronment5–7. Moreover, the absolute position can 
be acquired based on global navigation satellite 
system (GNSS) receivers. With the help of the 
information from V2V communication and 
localization, the lane-changing decision module 
can predict surrounding vehicles’ movements and 
decide when and where to perform the lane-
changing operation8. Then, the lane-changing 
planning model is able to generate one or more 
reference trajectories from the current position to 
the target position concerning safety and 
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comfort. To accomplish lane changing as 
expected, a trajectory-tracking controller should 
be developed to track the predefined trajectories 
according to the CAV state and road information. 
The differences between the actual trajectory and 
reference trajectory in terms of errors on longitu-
dinal and lateral locations and the CAV’s heading 
angle will be corrected. The vehicle control algo-
rithms then can be converted into an input to the 
actuators. The desired speed and yaw rate are 
realized by controlling the torque and the steering 
wheel, respectively. These four key modules coop-
erate continuously to complete the lane-changing 
task. Besides the addressed individual vehicle 
control technologies, cooperative lane-changing 
maneuvers from multiple vehicles in traffic flow 
have been shown to impact overall traffic flow 
performance significantly9. For example, to 
achieve some specific objectives of the subject 
vehicle (e.g., lane-changing maneuvers with the 
shortest duration time or the most comfortable 
trajectory), vehicles in the target lane will adjust 
their speed to cooperate with the subject vehicle, 
which will cause completely different trajectories 
from a microscopic view. This affects the charac-
teristics of traffic flow from macroscopic view. 
Thus, there is an imperative need to understand 
the impacts of cooperative CAV lane-changing 
maneuvers in a traffic system.

A decent number of studies have been con-
ducted on CAV lane changing from different 
disciplines (e.g., electrical engineering, com-
puter science, transportation engineering, and 
mechanical engineering) with different focuses 
(e.g., communication, vehicle control, pattern 
recognition, and traffic impacts) in the last dec-
ade. Yet the existing studies are relatively seg-
regated by disciplines or perspectives. There 
lacks a high-level survey that provides a unified 
multi-disciplinary view on the existing stud-
ies and further helps identify future research  
needs.

To address this need, this paper provides  
a review of representative studies of CAV lane 
changes on models, algorithms, traffic impact 
analyses, and testing experiments. These  
reviewed studies are categorized based on their 
modeling techniques and investigated problem 
focuses. Rather than merely putting relevant 
studies together, this paper focuses on present-
ing the characteristics of these categories with 
selected representative studies and thereby  
revealing connections and relationships among 
the related studies.

This paper is organized as follows. Section 2 
summarizes the existing CAV lane-changing 

models that include V2V communication, locali-
zation, lane-changing decision and planning, and 
vehicle control. Section 3 introduces the stud-
ies that investigate the traffic impact caused by 
CAV lane-changing maneuvers. In Sect. 4, simu-
lation and field experiments for CAV testing are 
addressed. Section 5 concludes this paper and 
proposes research gaps for future studies.

2  Lane‑Changing Models
Figure 1 shows the architecture of CAV lane 
change. The whole CAV lane-changing architec-
ture consists of four key components: V2V com-
munication, CAV localization, lane-changing 
decision and planning, and vehicle control. V2V 
communication enables real-time interactions 
among CAVs during the lane-changing process. A 
CAV can send and receive the lane-changing deci-
sion and vehicle states with other nearby CAVs. 
This may decrease the reaction time of CAVs to 
improve potential collision avoidance. In addition 
to communication, CAV localization provides 
absolute or relative distances and speeds with 
surrounding vehicles and infrastructure objects. 
Different kinds of sensors and classification algo-
rithms are used for real-time detection and track-
ing of surround vehicles. Then, a CAV makes the 
lane-changing decision and plans a trajectory 
from its current position to target position by 
fusing information from V2V communication 
and CAV localization. The planned trajectory 
shall avoid potential collisions and guarantee pas-
senger riding comfort. Vehicle control algorithms 
aim at tracking the planned trajectory by con-
trolling the CAV’s longitudinal and lateral move-
ments. Studies on these four key components are 
summarized in the following subsections.

2.1  V2V Communication
Compared with autonomous vehicles (AVs), 
CAVs can get real-time information from 
surrounding vehicles with communication 
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Figure 1: Architecture of CAV lane change.
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capabilities10, 11. Figure 2 shows a schematic 
diagram on how CAVs exchange information 
with each other12. The exchanged information 
includes vehicle size, position, speed, heading, 
later/longitudinal acceleration, yaw rate, throt-
tle position, brake position, steering wheel angle, 
wiper status, and turn signal status12. Based on 
the acquired information, CAV can make the 
cooperative lane-changing decision and conduct 
cooperative motion control13. V2V communica-
tion can effectively help eliminate potential colli-
sion risks and improve road traffic transportation 
efficiency, especially during relatively complex 
lane-changing maneuvers.

Dedicated short-range communications 
(DSRC) and cellular network are two main  
methods for wireless data exchange. The com-
parisons between DSRC and cellular network  
are listed in Table 1.

Among CAV lane-changing studies, most 
researchers adopt DSRC as the V2V communica-
tion method2,13,14. And also, National Highway 
Traffic Safety Administration has mandated that 

Dedicated short-range 
communications: Dedicated 
short-range communica-
tions are one-way or two-way 
short-range to medium-range 
wireless communication 
channels specifically designed 
for automotive use and a cor-
responding set of protocols 
and standards.

V2V communication should use DSRC radios12. 
The standard DSRC stack is shown in Fig. 3. PHY 
layer and MAC layer use IEEE 802.11p standards. 
The IEEE 802.11p standards provide fast, reliable 
exchange of safety messages needed for vehicular 
environments15,16. The IEEE 1609 contains the 
basic safety message17. SAE J2735 standards are 
used for message transmit. The message layer is at 
the top of the stack. However, the standard DSRC 
stack does not provide CAV lane-changing proto-
cols or standards, and no study has yet addressed 
CAV lane-changing protocols so far. Communi-
cation protocols can affect the V2V communica-
tion rate and time delay, and this can significantly 
affect CAV lane-changing performance. Thus, a 
possible future research direction is to propose 
dedicated protocols for CAV lane-changing appli-
cations based on the standard DSRC stack.

Many researchers have proposed CAV lane-
changing models based on V2V communica-
tion17–20. However, these studies regard V2V 
communication as a real-time information 
exchange. Actually, the V2V communication  
time delay can reach up to 100 ms under a com-
plex electromagnetic environment, and packet 
drops also occur in this situation. These uncer-
tainties will have severe negative impacts on  
CAV lane-changing operations. Future research-
ers can focus on studying how the V2V robust-
ness and time delay will affect CAV lane change, 
and proposing CAV lane-changing models con-
sidering these uncertainties.

2.2  Localization
Localization is responsible for providing relative 
distance and speed information of surrounding 
vehicles for CAV lane-changing decisions and 
planning. Although V2V communication can 
provide the information mentioned above, in 

PHY layer: The physical 
layer consists of the electronic 
circuit transmission tech-
nologies of a network. It is a 
fundamental layer underlying 
the higher-level functions 
in a network and can be 
implemented through a great 
number of different hardware 
technologies with widely 
varying characteristics.

MAC layer: MAC (me-
dium access control) layer 
is the layer that controls the 
hardware responsible for 
interaction with the wired, 
optical, or wireless transmis-
sion medium.

Figure 2: Visual representation of V2V communi‑
cation12.

Table 1: Comparisons between cellular network 
and DSRC70.

Characteristics Cellular network DSRC

Coverage Extended cover-
age up to 
15 km

Intermittent 
coverage

Capacity High Medium

Transmission 
mode

Dual mode Distributed

Standard 3 GPP 5 GAA Different stand-
ards

Deployment cost Low High

Safety App.
Sublayer Application Layer

Message Sublayer

Safety
Applications

Non-Safety
Applications

Network and Transport 
Layers

WSMP

Transport Layer
TCP/UDP

Network Layer
IPv6

LLC Sublayer

MAC Sublayer Extension

MAC Sublayer

PHY Layer

IETF RFC 
793/768

IETF RFC 
2460

IEEE 802.2

Security Services

IEEE 1609.4

SAE J2735
SAE J2945.1

IEEE 1609.2

IEEE 1609.3

IEEE 802.11p

Figure 3: Standard DSRC stack2.
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mixed traffic or complex electromagnetic envi-
ronments, CAVs still need to rely on on-board 
sensors.

Currently, commonly used localization tech-
nologies mainly can be classified into two catego-
ries, namely, absolute localization technology and 
relative localization technology4. GNSS is used 
to provide the absolute position, including lati-
tude, longitude, and altitude information. LiDAR, 
radar, and vision sensors are usually used to out-
put the relative position of the objects.

GNSS is the most popular localization system. 
It acquires and analyzes satellite signals to know 
its longitude, latitude, altitude, and speed infor-
mation. Many researchers have proposed a differ-
ential global position system (DGPS) method to 
improve localization accuracy through optimiza-
tion21. Based on this method, the carrier phase 
difference technology is further studied, which 
significantly enhances localization accuracy. 
However, due to the multi-path effect,, GNSS 
devices cannot provide precise position informa-
tion under a complex environment, especially 
with high buildings around.

LiDAR has been widely used in CAV per-
ception system to detect obstacles (pedestrians,  
vehicles, etc.) within a range of 80 meters21–24. 
Many researchers have combined LiDAR with 
deep learning techniques to identify and track 
other vehicles during CAV lane-changing pro-
cesses. Besides, the point cloud information 
obtained by LiDAR sensors is also widely used 
in high-definition (HD) map construction25. An 
HD map contains features of the surrounding 
environment and can be used for high-preci-
sion localization of CAV26,27. Localization with 
methods fusing LiDAR and HD maps will be the 
main trend in the future.

Radar and vision sensors are widely used 
in adaptive cruise control and lane departure 
warning systems27–31. Radar sensors can work in 
a variety of road conditions and weather condi-
tions, with strong robustness and reliability. In 
lane-changing applications, vision sensors can 
assist in lane level localization and pre-collision 
avoidance.

Future research might depend not only on 
a single type of sensor, but also on the fusion of 
information from multiple sensors to compen-
sate for the deficiencies of each sensor type31–34. 
Moreover, multiple sensors fusion can increase 
the robustness and accuracy of CAV localization. 
For example, radar and vision sensors can output 
precise detection result at a high frequency, but 
they cannot provide 360° view of CAV (shown 
in Fig. 4)35. The blind area may cause collisions 

Multi-path effect: Multi-path 
effect is the propagation phe-
nomenon that results in radio 
signals reaching the receiving 
antenna by two or more 
paths. Causes of multi-path 
include atmospheric ducting, 
ionospheric reflection and 
refraction, and reflection from 
water bodies and terrestrial 
objects such as mountains 
and buildings.

during lane changing. On the contrary, it is easy 
for LiDAR to provide a 360° point cloud view, but 
its disadvantage of low frequency is also apparent. 
Currently, most multi-sensor data fusion methods 
are based on the probabilistic methods that apply 
Bayes’ rule for combining prior and observation 
information. These methods are implemented in 
many different ways, including the Kalman filter 
and its variations, sequential Monte Carlo meth-
ods, and functional density estimation36. How-
ever, most existing studies mainly consider data 
fusion of two types of sensors, e.g., radar, vision, 
and LiDAR sensors, for CAV perception and 
localization.

2.3  Decision and Planning
After getting surrounding information from V2V 
communication and on-board sensors, CAVs 
are able to decide when and where to perform 
lane-changing maneuver based on real-time 
information and decision models. Single-vehicle 
lane-changing decision models have been studied 
extensively13,37,38. However, these models cannot 
be applied directly to tackle multi-vehicle cases. 
Many researchers have presented cooperative 
CAV lane-changing decision models13,38–41. For 
example, Nie et al. propose a decentralized coop-
erative lane change decision-making framework 
for CAVs. The proposed framework is composed 
of three modules: state prediction, candidate 
decision generation, and coordination13. With 
the help of V2V communication technology, the 
state prediction module can obtain the modern 
system state. A cooperative car-following model is 
employed to predict the future state of surround-
ing vehicles. Based on the anticipated results, the 
optimal decision variables, including both desira-
ble and undesirable situations, are determined to 
form a candidate decision (lane changing or lane 
keeping). The final lane-changing decision will be 
made after receiving the candidate decisions from 
surrounding vehicles. Cunningham et al. present 
a multi-policy decision-making algorithm, which 
exploits knowledge from the autonomous driving 

Figure 4: Illustration of radar sensors’ sensing 
range.
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domain to make a decision online for CAVs39. 
The proposed lane-changing decision algorithm 
takes a series of candidate policies as input. Then, 
by conducting the forward simulation, the lane-
changing decision algorithm captures the nec-
essary interactions between vehicles to make 
reasonable choices. These lane-changing deci-
sion models are able to handle different sceneries. 
However, the above-mentioned studies consider 
only one CAV lane changing at one time. Namely, 
only one CAV can execute the lane change 
maneuver at one time, while the other vehicles 
must remain on their lanes. In real-world appli-
cations, it is possible to encounter two or more 
CAVs making the lane-changing decisions at the 
same time. Desiraju et al. present an algorithm 
using information (vehicles’ position, speed, 
acceleration) to make a reasonable lane-changing 
decision. The proposed decision model classi-
fies all the involved CAVs into multiple groups 
according to their target lanes and then sequen-
tially executes lane changing in each group40. The 
decision model is simple, yet not ready for real-
world implementation. Multi-CAV lane-changing 
decisions may be made “jointly” in a collabora-
tive manner rather than merely “simultaneously.” 
Thus, a possible research direction is to propose 
a multi-CAV lane-changing model considering 
multiple CAVs making lane-changing decisions 
cooperatively.

As discussed above, CAV lane-changing 
maneuvers inevitably affect traffic flow char-
acteristics42. Researchers need to consider  
the impact on the traffic stream when design-
ing lane-changing decision models. Desiraju  
et al. present an algorithm to minimize the  
disruption of the traffic flow by optimizing the 
number of safe lane changes40. The proposed 
decision model can alleviate lane-changing  
disruptive effects on traffic flow. The problem  
of deciding whether a CAV should change its  
lane instead of longitudinal control alone (e.g., 
speeding up or slowing down) for the best traf-
fic performance needs further investigation.

To the best of our knowledge, current CAV 
lane-changing decision models assume that all 
operating vehicles are CAVs. Few consider the 
mixed traffic environment including CAVs, AVs, 
CVs (connected vehicles), and HVs. Therefore, a 
possible research direction is to propose multi-
CAV lane-changing decision models in a mixed 
traffic environment.

After making lane-changing decisions, CAVs 
need to plan one or more reference trajectories 
appealing for a set of objectives, such as safety, 
driving comfort, traffic efficiency, and low fuel 

consumption. In addition, CAVs will update the 
proposed trajectories in real time to avoid poten-
tial collisions until the lane-changing process is 
completed. Due to the time delay in V2V com-
munication, CAV computation, and execution, 
CAVs need to predict the possible behaviors of 
surrounding vehicles. Information about sur-
rounding vehicles is necessary to generate the ref-
erence trajectories. Researchers have proposed a 
set of prediction models13,39. These existing stud-
ies use the same model and parameters to predict 
the possible behaviors of surrounding vehicles. 
The differences between vehicle types and vehi-
cle kinematics are not considered yet. Besides, 
the offline calibrated prediction model may not 
always predict all vehicles’ possible actions pre-
cisely. Therefore, a potential research direction 
is to propose prediction models that can absorb 
real-time information of surrounding vehicles 
and modify the corresponding vehicle’s predic-
tion model parameters online.

Based on acquired prediction information, 
researchers have proposed a series of trajec-
tory planning algorithms14, 18,41,43,44. Luo et al. 
propose a dynamic automated lane-changing 
maneuver based on V2V communication to 
accomplish lane-changing and eliminate poten-
tial collisions during the lane-changing process. 
The reference trajectory is calculated by estab-
lishing a proper cost function and satisfying 
related constraints and converting the problem 
into a constrained optimization problem. With 
a cost function that includes constraints of the 
comfort and the traffic efficiency and safety, the 
results of the constrained optimization prob-
lem satisfy the multi-objective demands on the 
reference trajectory14. However, this research 
does not address passenger comfort on a curved 
road, e.g., constraining the yaw rate. Li et al. 
propose a two-stage multi-vehicle motion plan-
ning framework to find high-quality online 
solutions41. This cooperative lane-changing 
solution is composed of two main stages. At 
stage 1, CAVs try to widen the inter-vehicle 
gaps via longitudinal control. The main objec-
tive is to guarantee enough gaps for lane-change 
maneuvers. Then, at stage 2, CAVs can safely 
implement lane-changing maneuvers without 
violating collision avoidance constraints. All 
these trajectory planning algorithms can gen-
erate smooth and continuous reference tra-
jectories. However, the kinematic features of 
the CAVs are not fully exploited. Instead, they 
are limited by specified types of path shapes14, 
simple rules18, and specified car-following 
principles40. These specification strategies can 
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drastically reduce the computational complex-
ity, but the chances to find high-quality solu-
tions are decreased as a tradeoff.

Moreover, collision avoidance constraints 
in the existing studies may not be formulated 
precisely. Some researchers use gaps to keep the 
lane-changing CAV from the through vehicles 
(Fig. 5a)14. Similarly, Suh et al. associate a mov-
ing box with the lane-changing CAV to define the 
non-entrance region (Fig. 5b)45. The formula-
tions in45–48 are less conservative (Fig. 5c and d, 
respectively), but none of them can achieve the 
delicate maneuvers as shown in Fig. 5e, wherein 
the vehicles are making good use of the road 
space. Finally, if the decentralized algorithms are 
not complete, then additional recovery steps are 
needed to ensure deadlock free and collision free 
in some corner cases14,48.

Overall, the current studies on CAV lane-
changing planning only focus on the planning 
of subject CAV. No model considers cooperative 
lane-changing planning. For example, when one 
CAV plans to perform lane-changing, adjacent 
vehicles on the target lane will modify their speed 
accordingly to minimize impacts on traffic flow.

2.4  Vehicle Control
To accomplish CAV lane-changing maneuver, 

a controller should be designed to track the refer-
ence trajectories according to the CAV states and 
road information. There are two layers of the 

CAV controller. The higher control layer focuses 
on trajectory tracking and the lower control layer 
concentrates on CAV drive-by-wire control. The 
drive-by-wire control includes the steering wheel, 
gear shift, brake, throttle, and turning lights 
control.

Actually, CAV control and AV control are 
essentially the same. Many researchers have pro-
posed trajectory-tracking models14,37,38,45,46,48–57. 
Bayer designs an improved proportional-integral-
derivative (PID) controller for trajectory tracking, 
not only because of its simple structure and easy 
implementation but also because of its acceptable 
tracking performance51. However, the proposed 
controller is not satisfactory for applications that 
require high tracking accuracy. Luo et al. propose 
a trajectory-tracking controller based on sliding 
mode control. The tracking controller is based on 
the backstepping principle. It is capable of ensur-
ing global convergence during the lane-changing 
process. Besides, concerning the subject vehicle’s 
kinematic characteristics and passenger comfort, 
the output of the controller is limited to avoid a 
slip between wheels and ground14. However, this 
trajectory-tracking model only considers current 
tracking errors. It may not handle a high-dynamic 
motion environment. Suh et al. formulate a sto-
chastic model predictive control (MPC) con-
troller45. The MPC controller can predict future 
states and implement constraints directly into the 
control algorithm. The MPC controller applies 
the first input from the control sequence and pre-
dicts the future state based on a prediction model. 
With constraints, the MPC controller can mini-
mize the errors between the target state and the 
predicted state of vehicle speed or acceleration 
and the corresponding input58, while all these tra-
jectory-tracking controllers consider a kinematic 
car-like model with nonholonomic constraints 
that restrict the wheels to roll with no slip. This 
assumption simplifies real-time calculations but 
decreases tracking accuracy. Therefore, a possible 
research direction is to propose trajectory-track-
ing controllers that consider the tire model and 
vehicle kinematic dynamics.

The lower layer controller implements CAV 
drive-by-wire control. The fixed gain PID con-
troller is commonly used in the lower layer con-
trol59. As there are some differences in the brake 
systems between gasoline vehicles and electric 
vehicles, Lee proposed the brake system model 
and control laws for an electronic-vacuum 
booster (EVB)60. A nonlinear computer model for 
the EVB has been developed and the simulation 
is performed using a nonlinear vehicle model. A 
possible research gap is to find the longitudinal 

Drive-by-wire: Drive-by-
wire technology is the use of 
electrical–mechanical systems 
for performing vehicle func-
tions traditionally achieved 
by mechanical linkages. 
This technology replaces the 
traditional mechanical control 
systems with electronic 
control systems using elec-
tromechanical actuators and 
human–machine interfaces 
such as pedal and steering feel 
emulators.

Figure 5: Various collision avoidance con‑
straints41.
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control differences between gasoline vehicles and 
electric vehicles.

3  Traffic Impact Analysis
Due to the recent developments in communica-
tion technologies, such as the V2V and V2I (vehi-
cle-to-infrastructure) systems, CAVs are able to 
communicate with other vehicles/infrastructures 
that are equipped with communication units 
and sensors, which widely expand the perceptible 
environment of CAVs. For example, compared 
with HVs (human-driven vehicles) or AVs, CAVs 
have the capability to obtain the environment 
information out of the sensor detection range. It 
renders the possibilities for CAVs to achieve the 
optimal or near-optimum system performance 
rather than the individual optimum, which will 
impose thoroughly different traffic impacts to 
the transportation system. In the literature, a 
series of studies are conducted regarding the traf-
fic impacts of lane-changing maneuvers9,42,61,62, 
while only a handful of them investigate the traf-
fic impacts caused by the lane-changing maneu-
ver of CAVs.

Based on the on-board sensor characteristics, 
Talebpour et al. propose a deterministic accel-
eration modeling framework for CAVs with con-
sidering lane-changing maneuver63. Then, the 
proposed model is used to analyze the stability 
of traffic flow under different market penetra-
tion rates of CAVs. Ding et al. learn a coopera-
tive lane change decision-making framework 
for CAVs13. The traffic impact of the proposed 
framework is analyzed from traffic stability, effi-
ciency, homogeneity, and safety. With consider-
ing the lane-changing maneuver, Ye et al. propose 
a two-lane model to study the impact of CAVs 
on the heterogeneous traffic flow and Ye et al. 
study the impact of setting dedicated lanes for 
CAVs in a three-lane heterogeneous traffic flow 
environment64,65.

4  Simulations and Field Experiments
4.1  Simulation
Due to the immaturity of CAV technologies and 
field test environment restrictions, it is difficult 
to test the proposed CAV lane-changing models, 
algorithms in the real world. As a result, the com-
monly used method for CAV experiments still is 
simulation in recent years.

Liu et al. use Carsim-simulink to validate the 
proposed lane-changing algorithms19. Com-
pared with traditional lane-changing algo-
rithms, the proposed algorithm is able to reduce 

Carsim-simulink: Carsim-
simulink is a commercial 
software package that predicts 
the performance of vehicles 
in response to driver controls 
(steering, throttle, brakes, 
clutch, and shifting) in a given 
environment (road geometry, 
coefficients of friction, wind).

the lane-changing time cost by 20%. Suh et al. 
also employ the Carsim-simulink simulation to 
study the performance of the proposed SMPC 
(stochastic model predictive control) algo-
rithm45. The results show that the combinato-
rial predictor is much safer than the 
deterministic prediction. Liu et al. conduct the 
simulation on 1000 different kinds of lane-
changing situations10. To evaluate the perfor-
mance of the investigated algorithm, the 
real-time capability of handling dynamic safety 
constraints is treated as the criterion. Ye et al. 
propose a two-lane CA-based (Cellular Auto-
mation-based) lane-changing model with the 
heterogeneous traffic flow64. The simulation of 
the proposed model is conducted on a hypo-
thetical 10 km two-lane road segment, and the 
studied HVs and CAVs are randomly distrib-
uted on the road segment. The simulation result 
indicates that the road capacity increases with 
an increase in the CAV penetration rate, which 
is not over 30%. When the CAV penetration 
rate exceeds 30%, the road capacity is mainly 
decided by the capability of the CAV. Ye et al. 
study a three-lane heterogeneous flow model 
incorporating CAV dedicated lane policy and 
lane-changing maneuver65. A fundamental 
approach is used to verify the advantages and 
disadvantages of the CAV-dedicated lane poli-
cies under various CAV penetration rates. The 
simulation of this paper is conducted on a 
10-km three-lane road segment under the peri-
odic boundary condition. The results indicate 
that the CAV penetration rate and individual 
CAV capability are the main factors that affect 
the performance of setting CAV dedicated lanes. 
An et al. study a cooperative lane-changing pro-
tocol considering the V2V communication 
delay for CAVs66. A highway driving simulation 
environment is set up to test the effectiveness of 
the protocol. The OBB (oriented bounding 
box), which is served as the representative of 
the vehicle, is used to study the collision. Taleb-
pour et al. study a deterministic acceleration 
modeling framework for CAVs with a gap-
acceptance lane-changing model63. They adopt 
Kesting and Treiber’s methodology67 to study 
the stability for different market penetration 
rates of CAVs. The results reveal that the flow 
rate of the fundamental diagram increases as 
the market penetration rate of CAVs increases 
from 0 to 50%. Ding et al. examine a decentral-
ized cooperative lane change decision-making 
model for CAVs13. The simulation is designed 
with three lanes, two scenarios (with and with-
out on-ramp) and heterogeneous traffic flow. As 
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a result, it outlines that the proposed model can 
improve traffic stability, homogeneity, and effi-
ciency and reduce traffic congestion. Makridis 
et al. conduct the simulation based on the ring 
road of Antwerp68. Considering the lane-chang-
ing maneuver of CAVs, several different scenar-
ios are tested to account for the impact of 
various mixtures of HVs, AVs, and CAVs. The 
result reveals that low penetration rates of CAVs 
have a small negative effect on the traffic, but 
high penetration rates of CAVs are able to 
accept smaller gaps while cruising or maneuver-
ing on network. This finding can effectively pre-
vent the formation of traffic oscillations and 
improve the performance of the traffic system.

4.2  Field Experiments
To the best of our knowledge, there are no CAV 
publications that implement the proposed meth-
ods or algorithms to the field experiments so far. 
As a result, several latest field experiments corre-
lated to CAV lane-changing maneuvers (e.g., CV 
and AV lane-changing maneuvers) are listed in 
this section and hope it can inspire future studies 
in some aspects.

Wang et al. present a dynamic lane-chang-
ing model for AV incorporating human driver  
behavior in mixed traffic. Field experiments are 
conducted on a large-scale test track with an AV 
and three HVs, which aim to assess and validate 
the proposed model.

Suh et al. conduct the AV lane-changing 
experiments based on a Hyundai-Kia Motors  
K7 vehicle at the on-ramp section of the Yeong-
dong expressway45. The results show that the 
proposed algorithm can effectively control the 
test vehicle to accomplish the lane-changing 
maneuver.

To test the proposed AV lane-changing 
method, Luo et al. implement the hardware-in-
loop experiment with a driving simulator, which 
is based on a real vehicle. And the driver’s view 
and perception can be simulated in reality14.  
The experimental results exhibit that the sug-
gested lane-changing trajectory can avoid the 
collision.

Milanes et al. test the proposed CV merg-
ing algorithm at an experimental driving circuit 
with three vehicles69. Each vehicle communi-
cates with each other through the V2I com-
munication. The experimental results reveal  
that the vehicles already on the major road can 
modify their speeds to permit the entrance of  
the merging vehicle.

Hardware-in-loop: Hard-
ware-in-loop is a technique 
that is used in the develop-
ment and test of complex 
real-time embedded systems. 
This technique provides an ef-
fective platform by adding the 
complexity of the plant under 
control to the test platform.

5  Conclusions and Future Work
This paper summarizes current studies concern-
ing CAV lane-changing models and their impacts 
on traffic flow. Four critical components of the 
CAV lane-changing model, including V2V com-
munication, localization, lane-changing decision 
and planning, and vehicle control are detailed 
discussed.

We present the development of V2V commu-
nication and discuss the importance of stand-
ard lane-changing protocols. Then, we found 
that a common lane-changing protocol has not 
been proposed yet. As a result, further analy-
ses and improvements in lane-changing proto-
cols are required. In addition, on-board sensors 
and classification algorithms are presented in 
the CAV localization module, while the fusion 
of multiple sensors, including vision, radar, 
and LiDAR, which can render more accuracy 
capability of CAV to perceive the surrounding 
environment, still needs to be deeply studied. 
Lane-changing decision and planning are the 
core of CAV lane-changing maneuvers. Based 
on the discussions above, three kinds of factors 
are not well addressed in the existing studies, 
i.e., communication time delay, mixed traffic, 
and cooperation with surrounding CAVs. We 
address vehicle control algorithms through the 
trajectory-tracking layer and drive-by-wire con-
trol layer. It is found that the current trajectory-
tracking models assume that the vehicles are all 
with nonholonomic constraints but do not fully 
consider detailed vehicle kinematic dynamics 
and associated uncertainties. This assumption 
simplifies the computation but decreases the 
tracking accuracy of CAVs. Hence, future studies 
need to consider these issues into the trajectory-
tracking models.

While several studies have examined the 
possible impact of CAVs on traffic flow, most 
of them focus on the car-following maneuver 
rather than the lane-changing maneuver, which 
restricts the further research of CAVs. As a 
result, future studies can devote to fill this meth-
odology gap.

Additionally, to the best of our knowledge, 
there are still no CAV lane-changing field experi-
ments. It is meaningful to establish an experi-
mental platform based on real vehicles to conduct 
field tests.
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