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Automated driving is gaining increasing amounts of attention from both industry and aca-
demic communities because it is regarded as the most promising technology for improving
road safety in the future. The ability to make an automated lane change is one of the most
important parts of automated driving. However, there has been little research into auto-
mated lane change maneuvers, and current research has not identified a way to avoid
potential collisions during lane changes, which result from the state variations of the other
vehicles. One important reason is that the lane change vehicle cannot acquire accurate
information regarding the other vehicles, especially the vehicles in the adjacent lane.
However, vehicle-to-vehicle communication has the advantage of providing more informa-
tion, and this information is more accurate than that obtained from other sensors, such as
radars and lasers. Therefore, we propose a dynamic automated lane change maneuver
based on vehicle-to-vehicle communication to accomplish an automated lane change
and eliminate potential collisions during the lane change process. The key technologies
for this maneuver are trajectory planning and trajectory tracking. Trajectory planning cal-
culates a reference trajectory satisfying the demands of safety, comfort and traffic effi-
ciency and updates it to avoid potential collisions until the lane change is complete. The
trajectory planning method converts the planning problem into a constrained optimization
problem using the lane change time and distance. This method is capable of planning a ref-
erence trajectory for a normal lane change, an emergency lane change and a change back to
the original lane. A trajectory-tracking controller based on sliding mode control calculates
the control inputs to make the host vehicle travel along the reference trajectory. Finally,
simulations and experiments using a driving simulator are conducted. They demonstrate
that the proposed dynamic automated lane change maneuver can avoid potential collisions
during the lane change process effectively.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Automated driving is considered as a promising solution to improve road safety in the future, and research on this subject
is gathering increasing attention (Hatipoglu et al., 1997; Carbaugh et al., 1998; Girault, 2004; Tideman et al., 2010; Fraedrich
and Lenz, 2014). Research about automated lane following is found in many studies (Adell et al., 2011). In contrast, little
research about automated lane changes has been undertaken; however, the automated lane change is a necessary part
for automated driving. Because lane change is not only the reason for 4–10% of all the accidents, but also cause for 10% of
the latencies on roads (Ammoun et al., 2007).
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(Hidas, 2002) presented lane-changing models in a microscopic traffic network and developed an intelligent concept for
lane changing and merging. However, the models are based on autonomous agent concept, which is far different from the
real car. Zheng (2014) summarized two kinds of models about the lane change decision-making and lane change impact
in detail. It is useful to have a better understanding of the lane change. However, the paper did not deal with the maneuver
that guarantees an automated lane change. Chee and Tomizuka (1994a,b) and Chee et al. (1995a,b) studied automated lane
change maneuvers including a comparison of four different desired trajectories and two trajectory-tracking algorithms. They
selected a trapezoidal acceleration trajectory as the virtual desired trajectory and showed that the sliding mode controller
was better at stabilizing the system. However, they considered lane-changing vehicle in isolation. Hatipoglu et al. (1995)
designed an optimal lane change controller. The closed-loop system with respect to a certain optimality criterion led to a
smoother and slightly delayed response compared to the open-loop system. A closed-loop lane change maneuver can be
accomplished on curved roads in the same manner. Sledge and Marshek (1997) compared six candidate lane-change trajec-
tories based on selected criteria. The comparison was treated as an optimization problem with prescribed continuity and
boundary conditions, in which the length, curvature, and rate of change of curvature were taken as its costs. The maximum
constant velocity was employed as an additional discriminator. The comparison showed that a quintic polynomial is the sim-
pler of the two best lane-change trajectory functions. Papadimitriou and Tomizuka (2003) employed quintic polynomial to
compute a lane change trajectory. Their trajectory treated obstacles as simplified s-topes and dynamic constraints were
taken into consideration. The criterion for selecting the desired and achievable trajectory involved the choice of a single coef-
ficient. This strategy can only handle obstacles at the starting instant; it cannot address obstacles that appear during the lane
change process. Wan et al. (2011) introduced an algorithm for an automated lane change maneuver based on recognition of
the surroundings. The algorithm employed on-board sensors for signals such as the speed of each vehicle and the relative
distances between vehicles and estimated the final positions of the host and surrounding vehicles after the lane change
maneuver. Wang et al. (2015) focused on the lane-change decision-making during the car following control, however, it
did not pay much attention to the lane change process and just employed a simple lane-change reference trajectory, which
did not consider the lateral speed and yaw rate of the lane-change vehicle. To the best of our knowledge, current research has
not found a way to handle the potential of a collision occurring during the lane change process, and the existing trajectory
planning methods have their limitations when dynamically planning a reference trajectory. One of the reasons is that on-
board sensors cannot acquire information on the vehicles in the adjacent lane accurately.

However, with the development of vehicle-to-vehicle communication, which equips the vehicles with ability to commu-
nicate with each other, and its benefits, which include a larger perception range, more accurate information and more kinds
of information (Ammoun and Nashashibi, 2010; Guan et al., 2011; Greg, 2014). With vehicle-to-vehicle communication, we
can obtain more information about the surroundings and the available information is more accurate. A variety of applica-
tions in vehicle safety have already been developed (Kato et al., 2002; Gallagher et al., 2006; Misener, 2008; Williams
et al., 2012; Hu et al., 2012).

With the help of vehicle-to-vehicle communication, the position, speed and acceleration of the vehicles in the adjacent
lane can be acquired more accurately. Therefore, we design our automated lane change maneuver based on vehicle-to-
vehicle communication.

The contributions of this paper are:

(1) The problem of how to avoid potential collisions occurring during the automated lane changing process is solved
through a universal automated lane change maneuver. Other previous studies have seldom considered potential col-
lisions during lane changes; in this paper, we employ minimum safety spacing as a guarantee of safety in the auto-
mated lane change process. With these criteria, the dynamic automated lane change maneuver adjusts its reference
trajectory according to the environment with the help of vehicle-to-vehicle communication. It maintains a sufficient
distance between the host vehicle and the other vehicles to avoid any type of collision. The dynamic automated lane
change maneuver is not a special maneuver that is effective only for potential collision avoidance. It can also guaran-
tee a smooth automated lane change when there is no potential collision threaten.

(2) The trajectory planning method is a universal method that can be applied to different scenarios. It takes safety, com-
fort and traffic efficiency into account. It employs a quintic polynomial as the trajectory function and the problem is
converted into a constrained optimization problem based on the lane change time and distance. When the boundary
conditions are updated as constraints, we update the reference trajectory. Therefore, this trajectory planning method
can plan not only a reference trajectory in which the other vehicles maintain their states but also one in which the
states of the other vehicles vary. In particular, it can plan a reference trajectory during the lane change that makes
the host vehicle return to the original lane.
The rest of the paper is organized as follows. Section 2 describes the design of the dynamic automated lane change
maneuver, which includes trajectory planning and trajectory tracking; Section 3 provides the results of simulations and
experiments on automated lane changes in several typical scenarios, and Section 4 presents the paper’s conclusions.

2. A dynamic automated lane change maneuver

An automated lane change maneuver should be carefully designed by considering a variety of factors, including safety and
comfort. The proposed dynamic automated lane change maneuver has the structure shown in Fig. 1.
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The maneuver consists of two parts, trajectory planning and trajectory tracking. To plan the trajectory, the current state
(position, speed, acceleration and so on) of the vehicle and environmental information, including the states of other vehicles,
are necessary. The information is collected using sensors and vehicle-to-vehicle communication. There is already a signifi-
cant amount of research into the design and application of vehicle-to-vehicle communication (Tian and Leung, 2011; Liu
et al., 2012; Tian et al., 2013, 2014; Wang et al., 2013).

The trajectory planning part of the maneuver generates a reference trajectory satisfying the demands of safety, comfort
and traffic efficiency. This trajectory is calculated by establishing a proper cost function and satisfying related constraints
and converting the problem into a constrained optimization problem.

The trajectory tracking part of the maneuver controls the system based on the tracking errors between the current tra-
jectory and the reference trajectory. To implement the desired control and make the vehicle follow the reference trajectory, it
should be converted into actuators’ input.
2.1. A polynomial trajectory planning method

Planning a reference trajectory before changing lane is both necessary and important. The quality of the reference trajec-
tory has a direct impact on the performance of the automated lane change. Therefore, safety, comfort and traffic efficiency
are considered when planning the reference trajectory.
2.1.1. Performance specification of the lane change trajectory

(1) Safety
The most important goal of an automated lane change is safety. The relative positions between the host vehicle and the

other vehicles in a typical lane change scenario are shown in Fig. 2. We consider only the four vehicles closest to the host
vehicle (M), i.e., the leading vehicle on the destination lane (Ld), the following vehicle on the destination lane (Fd), the leading
vehicle on the original lane (Lo), and the following vehicle on the original lane (Fo).

Usually, three factors should be considered to ensure safety.
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Fig. 1. The structure of the dynamic automated lane change maneuver.
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90 Y. Luo et al. / Transportation Research Part C 62 (2016) 87–102
(a) Position limitation

First, the host vehicle should not travel beyond the border of the road. During a lane change, the host vehicle should stay
between the two lane centers.
0 < yðtÞ < w; 8t 2 ½0; tf � ð1Þ

where y(t) is the lateral position of the host vehicle at the time t, w is the lane width, tf is the lane change time duration.

(b) Speed limitation
Second, the longitudinal speed of the host vehicle should not exceed the maximum allowable speed on the current road

and it should always be positive, i.e., no stop or backward displacement.
0 < vxðtÞ < vx;max ð2Þ

where vx(t) is the longitudinal speed of the host vehicle at the time t, vx,max is the maximum allowable speed on the current
road.

(c) Potential collision avoidance
Last, the host vehicle should maintain a sufficient distance from other vehicles when setting up the automated lane

change maneuver to avoid potential collisions during the lane change. Because of the low latency of vehicle-to-vehicle com-
munication, the host vehicle can quickly react to the other vehicles’ states. The host vehicle can keep its distance from other
vehicles as short as possible when it drives along the road (in this paper, we assume a distance of 3 m between the host vehi-
cle and any other vehicle). Here, the minimum safety spacing is employed to describe the premise for a collision-free lane
change (Jula et al., 2000). The minimum safety spacings between H and Ld, Fd, Lo, and Fo are calculated by the following
formulas:
MSSðM; LdÞ ¼ max
Z t

0

Z k

0
ðaMðsÞ � aLd ðsÞÞdsdkþ ðvMð0Þ � vLd ð0ÞÞt

� �
8t 2 ½tC ; tf � ð3Þ

MSSðM; FdÞ ¼ max
Z t

0

Z k

0
ðaFd ðsÞ � aMðsÞÞdsdkþ ðvFd ð0Þ � vMð0ÞÞt

� �
8t 2 ½tC ; tf � ð4Þ

MSSðM; LoÞ ¼ max
Z t

0

Z k

0
ðaMðsÞ � aLoðsÞÞdsdkþ ðvMð0Þ � vLo ð0ÞÞt

� �
8t 2 ½0; tC � ð5Þ

MSSðM; FoÞ ¼ max
Z t

0

Z k

0
ðaFo ðsÞ � aMðsÞÞdsdkþ ðvFoð0Þ � vMð0ÞÞt

� �
8t 2 ½0; tC � ð6Þ
where ai and vi are the acceleration and speed of each vehicle, i 2 fM; Ld; Fd; Lo; Fog, and tC is the instant when the host vehi-
cle reaches the critical point C, which is the first potential collision point between the host vehicle and the other vehicle
when the host vehicle enters the destination lane.

The minimum safety spacings calculated in (3)–(6) are not the only criteria used to decide if the lane change process is
safe or not; they are also used to ensure that the planned optimized lane change trajectory will not result in a collision as
constraint in (23). When there are no other vehicles, there is no need to consider the minimum safety spacing, so the con-
straints in (3)–(6) are ignored. The constraints become effective when there are other vehicles and the safety condition is not
satisfied. Not only at the start of the lane change, but also at any instant after the lane change is initiated, the constraints of
the distances between the host vehicle and the other vehicles guarantee that a feasible reference trajectory results in a safe
lane change. When a potential collision appears after the lane change is initiated, the constraints update themselves accord-
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ing to the new environment. A new reference trajectory subject to the new constraints is computed. With this new reference
trajectory the potential collision after the lane change is initiated can also be effectively avoided.

The new reference trajectory avoids the potential collision, which is how the dynamic automated lane change trajectory
avoids potential collisions.

(2) Comfort

To guarantee a comfortable lane change, the accelerations and jerks in both directions should not be too great.
jaxj < ax;max ð7Þ

jayj < ay;max ð8Þ

jjxj < jx;max ð9Þ

jjyj < jy;max ð10Þ
where ax,max is the maximum allowable longitudinal acceleration, ay,max is the maximum allowable lateral acceleration, jx,max

is the maximum allowable longitudinal jerk, and jy,max is the maximum allowable lateral jerk.
Jerk is one of the most important factors affecting ride comfort. As we know, passengers feel no force when a vehicle

moves at constant speed. In addition, passengers can adjust themselves to forces resulting from constant acceleration. How-
ever, passengers will lose equilibriumwhen the acceleration varies, i.e., when the jerk is non-zero. Therefore, to improve ride
comfort, the jerks in both directions should be as small as possible (Hult and Tabar, 2013).
min J1 ¼ w1

Z tf

0
j2x ðsÞdsþw2

Z tf

0
j2yðsÞds ð11Þ
where w1 and w2 are weight factors.

(3) Traffic efficiency
Because changing lane involves at least two adjacent lanes, it will have an effect on the motion of the vehicles in both

lanes, which may reduce the traffic efficiency. Minimizing the length of the lane change, xf, will decrease its impact on
the traffic efficiency.
min J2 ¼ xf ð12Þ
2.1.2. Trajectory planning problem description

(1) Trajectory planning on a straight road
To model the trajectory of a lane change, a suitable trajectory function should be selected. Here we choose the quintic

polynomial based on time, which has the advantages of a closed form, a continuous third derivative and smooth curvature.
xðtÞ ¼ a5t5 þ a4t4 þ a3t3 þ a2t2 þ a1t þ a0
yðtÞ ¼ b5t5 þ b4t4 þ b3t3 þ b2t2 þ b1t þ b0

(
ð13Þ
Twelve unknown coefficients must be determined in the above functions. With considering the boundary conditions of
the lane change process, i.e., the initial state of the lane change trajectory corresponds to the current state of the host vehicle
and the final state is the same as the desired state for the host vehicle, as shown in (14) and (15).
xð0Þ ¼ x0; _xð0Þ ¼ vx;0; €xð0Þ ¼ ax;0
yð0Þ ¼ y0; _yð0Þ ¼ vy;0; €yð0Þ ¼ ay;0

�
ð14Þ

xðtf Þ ¼ xf ; _xðtf Þ ¼ vx;f ; €xðtf Þ ¼ ax;f
yðtf Þ ¼ yf ; _yðtf Þ ¼ vy;f ; €yðtf Þ ¼ ay;f

(
ð15Þ
where x0 and y0 are the current longitudinal and lateral coordinates, vx,0 and vy,0 are the current longitudinal and lateral
velocities, and ax,0 and ay,0 are the current longitudinal and lateral accelerations. We assume that the host vehicle travels
at constant speed along the centerline of the destination lane when it finishes the lane change. The final lateral position
yf is one lane-width from the current position, the final longitudinal speed vx,f is the average speed of the destination lane,
and the lateral speed vy,f and the longitudinal and lateral accelerations ax,f and ay,f are zero. However, the lane change time tf
and distance xf are not easy to determine and it is unreasonable simply to assign arbitrary values to them, as performed in
most studies (Nelson, 1989; Ammoun et al., 2007).



Fig. 3. A lane change on a curved road.
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We treat the lane change time tf and lane change distance xf as free variables. With the boundary conditions, the unknown
coefficients in the trajectory function can be represented as functions of tf and xf. Therefore, the problem of finding the
unknown coefficients is converted into the problem of determining the lane change time tf and distance xf.

The cost function of lane change trajectory must be minimized subject to certain constraints as discussed above. There-
fore, the problem planning a trajectory for an automated lane change can be converted into the constrained optimization
problem shown in (16)–(23).
min Jðtf ; xf Þ ¼ w1

R tf
0 j2x ðsÞds
jx;maxax;max

þw2

R tf
0 j2yðsÞds
jy;maxay;max

þw3
xf
kw

ð16Þ
s.t.
0 < yðtÞ < w ð17Þ

0 <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_x2ðtÞ þ _y2ðtÞ

q
< vmax ð18Þ

j€xðtÞj < ax;max ð19Þ

j€yðtÞj < ay;max ð20Þ

j xvðtÞj < jx;max ð21Þ

j yvðtÞj < jy;max ð22Þ

MSSðM; iÞ þ d0 < dðM; iÞ ð23Þ

where w3 is a weight factor, k is a constant, w is the lane width, M is the host vehicle, i can be any one of the four nearest
vehicles, Ld, Fd, Lo, and Fo, d0 is the safety distance allowance.

(2) Trajectory planning on a curved road
The above trajectory is obtained on the straight roads, but can also be applied on the curved roads with some adaptation.

The vehicle’s motion on a curved road can be treated as the superposition of its linear motion and its circular motion around
the instantaneous center of the road’s curvature. Using the geometric relationship shown in Fig. 3, we find that the lane
change trajectory on a curved road is
xðtÞ ¼ ½R� ydðtÞ� sina ð24Þ

yðtÞ ¼ R� ½R� ydðtÞ� cosa ð25Þ
where R is the radius of curvature of the road and a ¼ R t
0

vx
R�ydðsÞ ds is the angle the vehicle rotates around the instantaneous

center of curvature.
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2.1.3. Solving the problem
To solve the constrained optimization problem, the interior-point algorithm is employed. This algorithm converts the

constrained minimization problem in (26) into the sequence of approximate minimization problems shown in (27).
min
x

f ðxÞ
s:t: hðxÞ ¼ 0

gðxÞ � 0

ð26Þ
where f(x) is the cost function, h(x) is the equality constraint, and g(x) is the inequality constraint.
min
x;s

f lðx; sÞ ¼ min
x;s

f ðxÞ � l
X
i

lnðsiÞ

s:t: hðxÞ ¼ 0
gðxÞ þ s ¼ 0

ð27Þ
There are as many slack variables si as there are inequality constraints g and the si are required to be positive. As l
decreases to zero, the minimum of fl should approach the minimum of f.

To solve the approximate problem, the algorithm employs one of twomain types of steps at each iteration. A direct step in
(x, s) attempts to solve the KKT equations in (29) for the approximate problem via a linear approximation. A CG (conjugate
gradient) step employs a trust region. The algorithm tries a direct step first and tries a CG step if there is no feasible step from
the direct step.

The direct step constructs the Lagrangian first.
Lðx; s; k; yÞ ¼ f ðxÞ � l
X
i

lnðsiÞ þ
X
i

kiðgiðxÞ þ siÞ þ
X
j

yjhjðxÞ ð28Þ

rxLðx; s; k; yÞ ¼ 0
kigiðxÞ ¼ 0 8i

�
ð29Þ
The iteration step (Dx, Ds) is solved as follows:
H 0 JTh JTg
0 SK 0 �S

Jh 0 I 0
Jg �S 0 I

2
66664

3
77775

Dx
Ds

�Dy
�Dk

2
6664

3
7775 ¼ �

rf � JThy� JTgk

Sk� le
h

g þ s

2
6664

3
7775 ð30Þ

H ¼ r2f ðxÞ � l
X
i

r2 lnðsiÞ þ
X
i

kir2giðxÞ þ
X
j

yjr2hjðxÞ ð31Þ
where H denotes the Hessian of the Lagrangian of fl, Jg denotes the Jacobian of constraint function g, Jh denotes the Jacobian
of constraint function h, S = diag(s), k denotes the Lagrange multiplier vector associated with constraint g, K = diag(k), y
denotes the Lagrange multiplier vector associated with h, and e denotes the vector of ones with the same size as g.

The CG approach is to minimize a quadratic approximation in (32) to the approximate problem in a trust region, subject
to the linearized constraints shown in (33).
min
Dx;Ds

rf TDxþ 1
2
DxTr2

xxLðx; s; k; yÞDxþ leTS�1Dsþ 1
2
DsTS�1KDs ð32Þ

s:t: gðxÞ þ JgDxþ Ds ¼ 0
hðxÞ þ JhDx ¼ 0

ð33Þ
By solving the constrained optimization problem with the interior-point algorithm, we find the optimal lane change time
tf and distance xf. The optimal solution makes the jerk as small as possible and the lane change distance as short as possible
while satisfying the condition of minimum safety spacing. Therefore, safety, comfort and traffic efficiency are well balanced.

2.2. A trajectory-tracking sliding mode controller

To complete the automated lane change as expected, we must make the host vehicle travel along the designed reference
trajectory. We design a controller for trajectory tracking based on sliding mode control.

In the design process, we treat the host vehicle as a rigid object with the same dimensions. The differences between the
actual trajectory and the reference trajectory are characterized by the longitudinal and lateral coordinates of the vehicle and
its heading angle, which are shown in Fig. 4.



Fig. 4. The trajectory tracking error.
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_pe ¼
_xe
_ye
_he

0
B@

1
CA ¼

yexc � vc þ v r cos he
�xexc þ v r sin he

xr �xc

0
B@

1
CA ð34Þ
where xe, ye and he are the errors in the vehicle coordinates, vc and xc are the current actual speed and yaw rate of the host
vehicle, and vr and xr are the corresponding reference speed and yaw rate from the reference trajectory.

The purpose of the trajectory-tracking controller is to calculate the control input to make the errors pe ¼ ðxe; ye; heÞT as
small as possible, subject to limt!1kðxe; ye; heÞTk ¼ 0.

On the basis of the Backsteppingmethod,we design our sliding surface using a Lyapunov function. The switching function is
s ¼ s1
s2

� �
¼ xe

he þ arctanðv ryeÞ

� �
ð35Þ
With the constant reaching law shown in (36) and its variation in continuous form given in (37), we find the control law
shown in (39) that makes the tracking error approach zero.
_s ¼ �k sgn s ð36Þ

_si ¼ �ki
si

jsij þ di
; i ¼ 1;2 ð37Þ

_s ¼ _s1
_s2

� �
¼

�k1
s1

js1 jþd1

�k2
s2

js2 jþd2

 !
¼

_xe
_he þ @a

@vr
_v r þ @a

@ye
_ye

 !
¼

yexc � vc þ v r cos he
xr �xc þ @a

@vr
_v r þ @a

@ye
ð�xexc þ v r sin heÞ

 !
ð38Þ

q ¼ vc

xc

� �
¼

ye þ v r cos he þ k1
s1

js1 jþd1

xrþ @a
@vr

_vrþ @a
@ye

ðvr sin heÞþk2
s2

js2 jþd2
1þ @a

@ye
xe

0
B@

1
CA ð39Þ
where @a
@vr

¼ ye
1þ vryeð Þ2 and

@a
@ye

¼ vr

1þðvryeÞ2
.

The control law is then converted into an input to the actuators. The desired speed and yaw rate are realized by control-
ling the torque and the steering wheel, respectively.
T ¼ r fmg þ 1
2
CDAqv2 þm

dv
dt

� �
ð40Þ

dsw ¼ iwd ¼ iw
1þ m

L2
a
Cr
� b

Cf

� �
v2

v=L x ð41Þ
where r is the dynamic radius of the wheel. f is the friction coefficient. m is the mass of the vehicle. g is the gravitational
constant. CD is the aerodynamic drag factor. A is the frontal area of the vehicle. q is the density of air. v is the vehicle speed.
dsw is the steering wheel angle. iw is the angle transmission rate of the steering system. d is the steering angle of the front
wheels. L is the distance between the front and rear axles. a is the distance between the center of gravity and the front axle.
b is the distance between the center of gravity and the rear axle. Cf and Cr are the cornering stiffness of the front and rear
wheels, and x is the yaw rate.
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3. Results of simulations and experiments

3.1. Simulations with Simulink and CarSim

To validate the automated lane change maneuver, we employ a simulation platform based on MATLAB/Simulink and
CarSim.

The simulation model contains three modules. The trajectory-planning module generates a reference trajectory for an
automated lane change that considers safety, comfort and traffic efficiency. The trajectory-tracking module calculates actu-
ator inputs to ensure that the host vehicle travels along the reference trajectory. The CarSim vehicle model can simulate the
dynamic characteristics of the vehicle well.

The experimental vehicle is a typical B-class hatchback and its main parameters are listed in Table 1.
In the simulation, we investigate the lane change scenarios shown in Table 2 on a highway with the following

assumptions:

(1) only lane change behavior involving the adjacent lanes is considered;
(2) the average speed in the left lane is greater than that in the right lane with 20 km/h;
(3) all vehicles except the host vehicle travel with the average speeds of their lanes.

The key part of the proposed dynamic automated lane change maneuver is the trajectory planning. When we find the
optimal lane change time and distance, the lane change reference trajectory can be calculated through (13)–(15). Therefore,
a dynamic maneuver can also be used in a normal lane change task, with no threat of collision. The difference between the
trajectory planning method proposed here and that of (Papadimitriou and Tomizuka, 2003) is how the lane change time and
distance are obtained. Because of this difference, the dynamic automated lane change maneuver can handle the potential
collision occurring during the lane change process while the other maneuvers cannot.

The parameters of the planned trajectories for the above eight scenarios are shown in Table 3. The results show that the
accelerations, jerks and yaw rates are cooperatively optimized and they are all kept as small as possible to maintain a com-
fortable lane change.

To simplify the problem enough to illustrate the effectiveness of the dynamic automated lane change maneuver, we
assume that an emergency occurs when a potential collision results from too little distance between the host vehicle and
another vehicle. To avoid this potential collision, the system calculates another reference trajectory. In the case where no
feasible reference trajectory can be found to avoid the potential collision, we plan a reference trajectory that guides the host
vehicle back to its original lane with the same trajectory planning method. Therefore, in this section, we will describe some
typical lane change scenarios to show how effectively the proposed maneuver deals with emergencies occurring during the
lane change process.

(1) An automated lane change on a straight road at high speed from a slower lane to a faster lane

In this scenario, we suppose that the host vehicle travels on a straight road at a speed of 100 km/h and changes from the
slower right lane to the faster left lane. After 1.5 s of the lane change, the host vehicle perceives that the distance (13 m)
between itself and the following vehicle in the destination lane (Fd) is too short (less than the desired 16.91 m according
to the formula (4)) and there is a collision threat. Therefore, we recalculate the reference trajectory from that moment to
avoid the potential collision.

A comparison of the dynamic and normal lane change maneuvers is shown in Fig. 5. Here, the normal lane change maneu-
ver is the automated lane change maneuver that is generated at the start of the lane change and its collision avoidance is only
based on the situation at the beginning. The normal maneuver cannot update itself after the lane change is initiated. The
dynamic maneuver is the automated lane change maneuver that is proposed in this paper. Based on the V2V communication,
the dynamic maneuver updates itself to avoid the potential collision during the whole lane change process.

The performance parameters during the dynamic automated lane change maneuver are shown in Table 4. These param-
eters show that the dynamic maneuver guarantees a safe and comfortable lane change.

Where ax,max is the maximum longitudinal acceleration, ay,max is the maximum lateral acceleration, hmax is the maximum
yaw angle, and xmax is the maximum yaw rate.

(2) An automated lane change on a straight road at high speed from a faster lane to a slower lane

In this scenario, we suppose that the host vehicle travels on a straight road at a speed of 100 km/h and changes from the
faster left lane to the slower right lane. As similar with the previous situation, there is a potential collision with leading vehi-
cle in the destination lane (Ld) 1.5 s after the normal maneuver starts because of insufficient space between Ld and the host
vehicle.

A comparison of lane changes using the two maneuvers is shown in Fig. 6.



Table 1
Main parameters of the experimental vehicle.

Parameter Unit Value

Vehicle mass kg 1271
Distance between CG and front axle m 1.04
Distance between CG and rear axle m 1.56
Axle track m 1.56
Dynamic tire radius m 0.397
Front cornering stiffness, Cf N/rad 69679
Rear cornering stiffness, Cr N/rad 38980

Table 2
Typical lane change scenarios.

Curvature (1/m) Speed (km/h) Lane change direction (km/h) No.

0 (Straight road) 100 (high speed) (a) from slower lane (100) to faster lane (120) (1)
(b) from faster lane (100) to slower lane (80) (2)

60 (low speed) (a) from slower lane (60) to faster lane (80) (3)
(b) from faster lane (60) to slower lane (40) (4)

1/500 (Curved road) 100 (high speed) (a) from slower lane (100) to faster lane (120) (5)
(b) from faster lane (100) to slower lane (80) (6)

60 (low speed) (a) from slower lane (60) to faster lane (80) (7)
(b) from faster lane (60) to slower lane (40) (8)

Table 3
Trajectory parameters for typical lane change scenarios.

No. |ax,max| (m/s2) |ay,max| (m/s2) |jx,max| (m/s3) |jy,max| (m/s3) hmax (deg) |xmax| (deg/s)

(1) 1.63 0.53 1.80 0.85 2.15 1.07
(2) 1.46 0.58 1.40 0.99 2.58 1.38
(3) 1.31 0.52 1.00 0.84 3.28 1.68
(4) 1.63 0.58 1.80 0.99 5.19 2.88
(5) 1.16 2.09 2.12 0.85 22.06 4.26
(6) 1.71 1.54 1.59 0.98 17.66 4.00
(7) 1.18 1.16 1.22 0.84 14.29 3.65
(8) 1.59 0.78 1.82 0.99 9.29 4.16
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Fig. 5. A comparison of two lane-change processes (high speed, Fd).

Table 4
Performance parameters (high speed, Fd).

|ax,max| (m/s2) |ay,max| (m/s2) hmax (deg) |xmax| (deg/s)

3.48 1.81 3.33 3.43
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The performance parameters during the dynamic automated lane change maneuver are shown in Table 5. These param-
eters show that the dynamic maneuver guarantees a safe and comfortable lane change.

(3) An automated lane change on a straight road at low speed from a slower lane to a faster lane

In this scenario, we suppose that the host vehicle travels on a straight road at a speed of 60 km/h and changes from the
slower right lane to the faster left lane. As similar with the first scenario, there is a potential collision with the following vehi-
cle in the destination lane (Fd) 1.5 s after the normal maneuver starts because of insufficient space between Fd and host
vehicle.

A comparison of the lane change processes using the two maneuvers is shown in Fig. 7.
The performance parameters during the dynamic automated lane change maneuver are shown in Table 6. These param-

eters show that the dynamic maneuver guarantees a safe and comfortable lane change.

(4) An automated lane change on a curved road at high speed from a faster lane to a slower lane

In this scenario, we suppose that the host vehicle travels on a curved road at a speed of 100 km/h and changes from the
faster left lane to the slower right lane. As in a previous situation, there is a potential collision with the leading vehicle in the
destination lane (Ld) 1.5 s after the normal maneuver starts because of insufficient space between Ld and the host vehicle.

A comparison of the lane change processes using the two maneuvers is shown in Fig. 8.
The performance parameters during the dynamic automated lane change maneuver are shown in Table 7. These param-

eters show that the dynamic maneuver guarantees a safe and comfortable lane change.

(5) An automated lane change on a straight road at high speed from a slower lane to a faster lane

In this scenario, we suppose that the host vehicle travels on a straight road at a speed of 100 km/h and changes from the
slower right lane to the faster left lane. 1.5 s after starting the normal lane maneuver, there is insufficient space between the
following vehicle in the destination lane (Fd) and the host vehicle to obtain a feasible reference trajectory and to continue the
lane change even when a new reference trajectory is calculated. Therefore, a reference trajectory guiding the host vehicle
back to its original lane is calculated.

A comparison of the two maneuvers is shown in Fig. 9.
The performance parameters during the dynamic automated lane change maneuver are shown in Table 8. These param-

eters show that the dynamic maneuver guarantees a safe and comfortable lane change.
From the simulation results for these five typical scenarios, we can say that the dynamic automated lane change maneu-

ver effectively deals with emergencies in different situations, no matter what the shape of the road, the travelling speed and
the lane change direction are.

3.2. A hardware-in-loop experiment with a driving simulator

In addition to the simulations performed using Simulink and CarSim, we set up the hardware-in-loop (HIL) experimental
platform based on the driving simulator to further validate our automated lane change maneuver. The driving simulator is
based on real vehicle and it can simulate the driver’s view and driver’s perception. The HIL experimental platform is a close-
loop system of driver–vehicle–road. It can simulate the dynamic response of the real vehicle. The experimental configuration
is shown in Fig. 10. The driving simulator consists of a vehicle-motion simulation system, a visual environment simulation
system, an acoustic environment simulation system, a driving simulation system, a vehicle-dynamics simulation model, a
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Table 5
Performance parameters (high speed, Ld).

|ax,max| (m/s2) |ay,max| (m/s2) hmax (deg) |xmax| (deg/s)

3.53 0.81 3.35 2.80
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Fig. 7. A comparison of two lane-change processes (low speed, Fd).

Table 6
Performance parameters (low speed, Fd).

|ax,max| (m/s2) |ay,max| (m/s2) hmax (deg) |xmax| (deg/s)

4.97 0.57 3.33 1.93
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Fig. 8. A comparison of two lane-change processes (high speed, Ld, curved road).

Table 7
Performance parameters (high speed, Ld, curved road).

|ax,max| (m/s2) |ay,max| (m/s2) hmax (deg) |xmax| (deg/s)

3.52 1.11 8.93 2.87
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Table 8
Performance parameters (high speed, Fd, back to original lane).

|ax,max| (m/s2) |ay,max| (m/s2) hmax (deg) |xmax| (deg/s)

3.48 0.93 1.55 1.98

(a) A diagram of the platform 

(b) The central controller (c) The dynamic cockpit 
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Fig. 10. The HIL experimental platform.
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central control platform and so on. The HIL experimental platform can be controlled through Simulink and it can simulate
the motion of a vehicle with six degrees of freedom.

The main experimental results for the four straight-road scenarios described above are shown in Table 9. These param-
eters show that the acceleration, jerk, sideslip angle, yaw angle and yaw rate are limited to a suitable range and a comfort-
able lane change is guaranteed. The results of the HIL experiment differ slightly from those of the simulation, which means
the fluctuation is larger.



Table 9
The critical parameters for the typical lane change scenarios.

No. |ax,max| (m/s2) |ay,max| (m/s2) |bmax| (deg) hmax (deg) |xmax| (deg/s)

(1) 1.73 0.54 0.34 2.20 1.97
(2) 3.08 0.62 0.35 2.61 2.06
(3) 1.39 0.63 0.42 3.26 1.39
(4) 3.55 1.53 2.44 5.11 3.86
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Fig. 11. A comparison of two lane-change processes for the HIL experiment (high speed, Fd).

Table 10
Performance parameters for the HIL experiment (high speed, Fd).

|ax,max| (m/s2) |ay,max| (m/s2) hmax (deg) |xmax| (deg/s)

2.59 1.48 3.16 2.94
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Fig. 12. A comparison of two lane-change processes in the HIL experiment (high speed, Fd, back to original lane).
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As we can see from the simulation results, the proposed dynamic automated lane change maneuver has the same effect
under different scenarios. The experimental results here do show the same. Therefore, in this section, we display only two of
the above scenarios to illustrate the feasibility of the dynamic automated lane change maneuver in the HIL experiment to
avoid redundancy.

Fig. 11 shows the result of the HIL experiment when the host vehicle travels at a speed of 100 km/h and changes from the
slower right lane to the faster left lane. During the lane change, the distance between the host vehicle and Fd is insufficient
because there is a vehicle cutting in behind the host vehicle in the destination lane 1.5 s after the lane change has begun;
therefore, the reference trajectory is updated according to the dynamic automated lane change maneuver. We find the same
result in the HIL experiment and in the simulation.

The performance parameters during the dynamic automated lane change maneuver are shown in Table 10. These param-
eters show that the dynamic maneuver guarantees a safe and comfortable lane change.



Table 11
Performance parameters for the HIL experiment (high speed, Fd, back to
original lane).

|ax,max| (m/s2) |ay,max| (m/s2) hmax (deg) |xmax| (deg/s)

0.55 0.83 1.47 1.79

Y. Luo et al. / Transportation Research Part C 62 (2016) 87–102 101
Fig. 12 shows the result of the HIL experiment in which the host vehicle travels at a speed of 100 km/h and changes from
the slower right lane to the faster left lane. During the lane change, the distance between the host vehicle and Fd is so small
that there is no feasible reference trajectory in which to continue the lane change. Therefore, the host vehicle is guided back
to its original lane. We find the same result in the HIL experiment and in the simulation.

The performance parameters during the dynamic automated lane change maneuver are shown in Table 11. These param-
eters show that the dynamic maneuver guarantees a safe and comfortable lane change.

4. Conclusions

In this paper, we have conducted research into automated lane change maneuver to overcome the existing shortcomings
in this area. Earlier studies have resolved the problem of changing lanes without other vehicles nearby and with potential
collisions that can be detected initially, but have seldom considered potential collisions that appear during the lane change.
We have proposed a dynamic automated lane change maneuver based on vehicle-to-vehicle communication and designed
its key technologies.

The proposed dynamic automated lane change maneuver allows the host vehicle to avoid potential collisions resulting
from variations in the states of other vehicles during the lane change. Therefore, the maneuver allows the host vehicle to
avoid many types of potential collisions by adjusting the reference trajectory to maintain sufficient distance between the
host vehicle and other vehicles.

The idea of converting trajectory planning into a constrained optimization problem to plan various reference trajectories
efficiently is validated. With a cost function that includes constraints of the comfort and the traffic efficiency and safety, the
results of the constrained optimization problem satisfy the multi-objective demands on the reference trajectory.

The proposed trajectory planning method can calculate a reference trajectory either when the other vehicles’ states are
constant or when they vary compared to the beginning of the lane change during the lane change process. It can update the
lane change trajectory or plan a new trajectory back to the original lane. The proposed method is an all-purpose trajectory
planning method that can be applied to various automated lane change scenarios.

Until now, we have proposed a complete automated lane change maneuver. In the future, we would like to optimize the
maneuver to improve the passenger comfort on curved road by considering the yaw rate. As the quality of the V2V commu-
nication is so important for the practical performance of the proposed automated lane change maneuver, that we will also
conduct research on the performance of V2V communication. To strengthen the robustness of our maneuver, the uncertain-
ties are also our next focus. Finally, we would like to establish an experimental platform based on real vehicles to conduct
field tests.
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