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ABSTRACT Self-driving General N-trailers (GNT) vehicles are one of the future solutions to build
intelligent factory due to its flexibility and large load. Maneuvering of GNT vehicle to its destination requires
accurate and robust motion planning. But the narrow operating environment causes nonlinear nonconvex
constraints which are challenging. Furthermore, the nonholonomic constraints in GNT kinematics elevate
the complexity in state space. Therefore, motion planning of GNT vehicle maneuvering in narrow space
within a reasonable time and high success rate is a critical problem. This paper proposes a fast bidirectional
motion planning algorithm to generate trajectories for GNT vehicles to maneuver in a narrow space. A
coarse-to-fine motion planning paradigm has been proposed to balance the robustness and time. In the
coarse step, an initial guess is generated through a bidirectional-sampled closed-loop Rapidly-exploring
Random Tree, and a spatial-temporal safety corridor has been constructed to convert nonlinear nonconvex
constraints to linear convex constraints. In the fine step, an optimal control problem is defined accordingly
and solved to obtain feasible trajectory. Four different scenarios have been conducted with forward and
reverse GNT vehicle maneuvering in a narrow environment. The results show that the proposed method
outperforms state-of-the-art sampling-based and optimization-based motion planning methods.

INDEX TERMS Intelligent transportation system, tractor-trailer, motion planning, logistics.

I. INTRODUCTION

SELF-DRIVING tractor-trailer vehicle refers to a system
composed of one or more trailers driven by a self-driving

tractor. Tractor-trailer vehicles have strong loading capability,
therefore, have been widely used in freight transportation.
This paper mainly focuses on the low-speed transportation
scenarios in factories and docks that running slower than
5 m/s, rather than high-way truck-trailer vehicles. Low-speed
operating condition reliefs the vehicle from dealing with
dynamic behavior at high-speed, but the environment in such

The review of this article was arranged by Associate Editor Xin Xia.

conditions is significantly complicated than high-way road.
The narrow driving spaces limit the free maneuvering of self-
driving tractor-trailer vehicle, especially when the vehicle
is approaching destination or parking. It is a hard task for
experienced human drivers [1], and even more challenging
for motion planning of the self-driving tractor-trailer system.
Motion planning aims at generating a kinematically

feasible trajectory with the information of vehicle’s loca-
tion [2] and surrounding objects [3], [4], [5]. This
trajectory will then be used to control the vehicle [6].
Extensive researches have been conducted for vehicles
and robots using searching-based [7], [8], [9], [10],
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sampling-based [11], optimization-based [12], [13], [14],
[15], spline-based [16], [17], tree-based [18], and deep
learning-based [19] approaches, etc. Conventional vehi-
cles running on express road or highway require smooth
planning [20], [21] and safe control [22], [23]. However,
compared to conventional vehicles, tractor-trailer vehicles
have higher dimensions in state space and nonholonomic
constraints, which means the kinematic model of tractor-
trailer vehicles is more complex. Moreover, the narrow space
in environment which introduces additional nonlinear and
nonconvex constraints. It raises significant challenges for
motion planning algorithms to find feasible solutions.
The motion planning of tractor-trailer vehicle maneuvering

in narrow spaces requires the generated trajectory to be
kinematically feasible and collision-free. Also, the driving
direction can be forward and reversed, so the planner should
be compatible with both moving directions. Moreover, even
though the time consumption of planning is not essential, it
should be at the magnitude of seconds for real application.
To focus on the motion planning of tractor-trailer vehi-

cles, extensive researches have been carried out [24],
[25], [26]. A hybrid A*-based method was utilized by
Thakkar et al. for tractors with semi-trailer path plan-
ning [27]. Ljungqvist et al. [28] presented their work using a
state lattice motion planner. Some works generalize RRT to
generate a kinematically feasible path that can be followed by
a specific controller [29], [30]. This closed-loop controller
paradigm to connect points has been verified [31], [32], [33].
All these methods depend on the scale of motion primitives
or sampling steps. Too large of the scale leads to failure of
planning, while too small of the scale causes low computing
efficiency. Ghilardelli et al. adopted splines to realize finer
tractor-trailer motion planning considering kinematic model
constraints [34], without considering narrow spaces.
Further investigations using optimization-based approach

works with aforementioned sampling-based or searching-
based methods can achieve better performance [35].
Oliveria et al. designed a path planning algorithm
in Frenet coordinate with various cost functions and
collision constraints by solving nonlinear optimization
problem [36], [37]. However, the method takes significant
computing time. Li et al. [38], [39] and Cen et al. [40]
extending optimization-based methods to solve the parking
motion planning problem of tractor-trailer vehicles.
As a short summary, state-of-the-art tractor-trailer motion

planning methods usually combine the multiple methods
together. A searching-based or sampling-based method is
used in the first stage to find an initial guess. Then
an optimization-based method is initiated along the initial
guess, to generate the trajectory. This two-stage coarse-to-
fine paradigm is reasonable for such a complex kinematic
system in constrained environments. The main pain point
is the balance of significant time cost of high accuracy
initial guess generation and low availability with a low-
quality initial guess. Therefore, this paper will mainly focus
on improving the motion planning computing efficiency.

FIGURE 1. The coarse-to-fine paradigm of GNT motion planning.

Furthermore, many of the motion planning algorithms only
apply for single direction movement, i.e., either forward only
or reverse only. So, the minor target of this paper is to enable
the motion planning for both directions.
General N-trailers (GNT) vehicle [41] as one type of

tractor-trailer system is commonly used in reality and will
be focused in this paper. In the operating of GNT vehicles,
the strict constraints of the narrow environment space lead
to a limited feasible solution. This paper first utilizes a
bidirectional closed-loop random rapidly-exploring random
tree (RRT) to link the origin and destination so that a quick
but coarse initial guess for both moving directions can be
established. Only with an initial guess is not enough since
the downstream optimization process rely on solving high-
dimensional nonlinear nonconvex problems, which may fail
to find a feasible solution. Therefore, the temporal-spatial
safety corridor [42], [43] idea for unmanned aerial vehicle
will be applied to convert nonlinear nonconvex constraints
to linear convex ones to benefit the optimization solver.
Optimization-based motion planning method is then adopted
based on these constraints to find the trajectory. Therefore,
the main contribution of this paper is twofold:
1) A motion planning algorithm for GNT vehicle maneu-

vering in forward and reverse directions in narrow
spaces has been proposed and verified.

2) A time-efficient linear safety constraints generation
approach using bidirectional closed-loop RRT and
spatial-temporal safety corridor has been proposed.

The rest of this paper is organized as follows. In Section II,
the kinematic model of the GNT vehicles is conducted. In
Section III, the methodology of the research is described, and
the pipeline of the proposed planning algorithm is explained.
In Section IV, the results in the simulation environment are
depicted and the discussion of the results is provided. Finally,
the conclusion of this paper is summarized in Section V.

II. VEHICLE MODEL
The GNT vehicle studied in this paper is illustrated in Fig. 2,
which is commonly adopted in the logistics of factories,
airports, and docks. According to current research [44],
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FIGURE 2. Illustration of GNT vehicle studied in this paper.

FIGURE 3. Kinematic model of GNT vehicle.

each full-trailer in a GNT vehicle can be decomposed into
an on-axle connected semi-trailer (rear axle) to an off-axle
connected semi-trailer (front axle) inside this full-trailer.
The scope of this paper focuses on the low-speed operating

scenarios for campus or factory logistics, so the driving
speed of the vehicle is assumed to be lower than 5m/s.
In this operating condition, the tire force and sideslipping
of GNT vehicles can be neglected according to previous
research [45]. Therefore, it is reasonable to use a kinematic
model to describe a GNT vehicle in parking scenarios [36].
According to Fig. 3, each full-trailer consists of two parts;
therefore, N full-trailers will lead to 2N semi-trailers (called
“bodies”). In the following derivations, i ∈ [0, 2N] indicates
the index of the semi-trailer inside the full-trailer. The
tractor’s rear axle has an index of i=0, which is also a body.
For each body the state variable of each body is described

as follows:

qi =
⎡
⎣

θi
xi
yi

⎤
⎦ (1)

where θi is the yaw angle of body i; xi and yi indicate the
location of body i in cartesian coordinates.
The control variable of each body is represented as:

ui =
[
ωi
vi

]
=

[
θ̇i
vi

]
(2)

where vi is the linear velocity; ωi is the angular velocity
which is the derivative of the yaw angle.
The kinematics of each body, following relationship, keeps

consistent:

ẋisinθi − ẏicosθi = 0 (3)

The combination of (1) and (3) lead to the rate of state
variable change:

q̇i =
⎡
⎣

θ̇i
ẋi
ẏi

⎤
⎦ =

⎡
⎣

1 0
0 cosθi
0 sinθi

⎤
⎦

[
ωi
vi

]
= G

(
qi

)
ui (4)

where G(qi) describes how the control variable acts on the
state variable of body i. Moreover, the control variables of
adjacent bodies are not independent [46]. The transfer matrix
of control variables of adjacent bodies follows:

ui =
[−Lhi

Li
cosβi 1

Li
sinβi

Lhisinβi cosβi

]
ui−1 = Ji

(
β i

)
ui−1 (5)

where Li is the wheelbase of body i; Lhi is the distance of
off-axle connection of body i; Ji is the transfer matrix that
is invertible when Lhi �= 0.

The state variable of the entire GNT vehicle can be
uniquely described by the configuration of the tractor state
and the joint angles of all trailers, as follows:

q = [
β1 . . . β2N θ0 x0 y0

]T =
[

β

q0

]
(6)

where β is the vector of joint angles indicating the yaw
angle of each body to its preceding body, βi = θi−1 − θi.

Equation (6) describes the GNT vehicle starting from the
tractor; however, this equation also stands starting from any
vehicle body. In this situation, only q0 will be replaced by
the state of the first body, and the total trailer number N will
be reduced accordingly. So, the reduction of the following
relation leads to the kinematic model of the GNT vehicle
with the following form:

q̇ =
[
β̇

q̇j

]
=

[
Sβ(β)

Sj(β,qj)

]
u0 (7)

where Sβ is the transfer matrix of joint-angle between
adjacent bodies; Sj is the transfer matrix of state variable
between adjacent bodies. They have the form as follows:

Sβ(β) =

⎡
⎢⎢⎢⎣

cT�1(β1)

cT�2(β2)J1(β1)
...

cT�N
(
βN

)
J1N−1(β)

⎤
⎥⎥⎥⎦ (8)

Sj(β,qj) =
⎡
⎢⎣

dTJ1j (β)

dTJ1j (β)cosθj

dTJ
1
j (β)sinθj

⎤
⎥⎦ (9)

where J1
j (β) = Jj(βj)Jj−1(βj−1)· · ·J1(β1) and �i(βi) = I −

Ji(βi); cT = [
1 0

]
and dT = [0 1].
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FIGURE 4. Framework of the proposed method.

In this GNT vehicle, any adjacent full-trailers, or the
tractor and first full-trailer, can be represented by a G2T
model, i.e., a “tractor” with a full-trailer (modeled by two
semi-trailers). This “tractor” can be the actual tractor at the
front or the preceding full-trailer whose state can be derived
by conducting the kinematic model sequentially from the
beginning. Therefore, this paper further extracts the G2T
system to illustrate the kinematic model better:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

β̇1 = v0

(
tanδ
L0

− sinβ1
L1

+ Lh1cosβ1tanδ
L0L1

)

β̇2 = v0

(
sinβ1
L1

− cosβ1sinβ2
L2

− Lh1cosβ1tanδ
L0L1

− Lh1sinβ1tanδ
L0L2

)

ẋ0 = v0cosθ0

ẏ0 = v0sinθ0

θ̇0 = v0
tanδ
L0

(10)

where δ is the front wheel angle of the tractor; Lh2 = 0 in
this configuration due to on-axle connection.

III. MOTION PLANNING ALGORITHM
A. ALGORITHM PIPELINE
The planning algorithm of GNT vehicle maneuvering con-
sists of two steps: The first step is to construct the initial
guess. In this step, a bidirectional closed-loop RRT is
proposed to get the initial guess, and a safety corridor along
the initial guess is generated.
The second step is to generate the trajectory. The planning

problem is modeled as a discretized nonlinear optimization
problem. The safety corridor is then used in this paper
to convert nonconvex nonlinear constraints to convex lin-
ear constraints. Ultimately, the GNT vehicle maneuvering
motion planning is completed by solving the nonlinear
optimization problem.

B. INITIAL GUESS GENERATOR
The closed-loop RRT has been proposed by multiple
researchers in their previous work [15], [16]. It works

Algorithm 1 Bidirectional Sampling
Input:

Initial location p0(x0, y0)

Target location pg(xg, yg)
Fixed velocity v0

Output:
A vector of path points:{(xi, yi)}

Function:
1: while iteration is less than max number
2: RRT to obtain p1(x1, y1) in forward direction
3: RRT to obtain pg−1(xg−1, yg−1) in reverse direction
4: calculate control variable u1 from p0 to p1 using pure
pursuit
5: calculate control variable ug−1 from pg to pg−1 using pure
pursuit
6: save p1, pg−1, u1, ug−1 every �t in vector
7: if two paths are connectable
8: connect the two paths
9: calculate the cost and save vector
10: end if
11: end while
12: export the vector with minimal cost
end Function

well in forwarding motion; however, the vehicle’s reverse
motion’s instability makes it difficult to plan the path to the
destination [31], [32]. However, the closed-loop controller
used in such a method may not fulfill the kinematic
constraints, and the sampling process takes too much time
to generate a full path. Therefore, a bidirectional closed-
loop RRT is proposed to ensure the vehicle can park at the
correct location and attitude. Moreover, this approach will
be compatible with forward and reverse maneuvering motion
planning.
In order to sample in reverse motion, a forward GNT

vehicle motion in a negative time step is utilized to build
the path. The invertibility of the GNT kinematic model
in the time domain has been proven [30]. The path of
forward sampling in negative time leads to a path of reverse
sampling. The algorithm is developed by maintaining two
tree structures; one starts from the start location and the other
starts from the target location. The closed-loop controller
is a pure pursuit controller to accelerate the bidirectional
sampling process since the accuracy requirement is not strict.
The connectable of forward and reverse sampling is shown

in Fig. 5. The exact equality of all bodies’ states in both
forward and reverse sampling is complicated to reach and
may take extremely long. Since this paper only uses the
result as an initial guess to construct a spatial-temporal safety
corridor, the connectable condition is checked by drawing
circles of the axle of each body. If all the corresponding
circles of the two sampling paths have overlapped, then
this condition is considered as these two sampling paths are
connectable.
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FIGURE 5. Illustration of connectable condition.

FIGURE 6. An initial guess obtained by bidirectional sampling.

As depicted in Fig. 6, the initial guess using the bidirec-
tional sampling method is obtained. The green path indicates
the forward sampling process, and the blue path indicates the
reverse sampling process. The pink line indicates an initial
guess using this method. Furthermore, a heuristic approach
is also adopted to improve the success rate of path planning
and accelerate the convergence speed. During the RRT of
forward sampling, the points in reverse sampling tree are
used as heuristic items. During the RRT of reverse sampling,
the points in the forward sampling tree are used as heuristic
items.
The algorithm may generate multiple initial guesses;

therefore, a cost function will be used to evaluate them and
obtain the optimal. This paper proposed a cost function of
three parts: safety cost, length cost, and smoothness cost.
Safety cost, noted by cost safety, is calculated in a grid map

of the environment. In each time step �t, a circle with safety
radius (rs) is drawn with the center of each path point. The
area of grids occupied by these circles is noted by M. Within
this area, any grid also occupied by obstacles is summed up
to obtain the area noted by N, where N ≤ M. M and N are
then used to calculate the cost by (11). Value K is the number
of sampling periods from the beginning to the timing of the
current sampling result. This cost indicates that the generated
path should tend to keep obstacles away from the path.
However, the cost is infinite if the vehicle collides with any
obstacle. Preventing collision has the highest priority so that
any trajectory that has potential collision should not be taken

into consideration. The infinite value shown in (11) indicates
that if a potential trajectory has collision with environment,
the costs will be set to maximum and be discarded later.
Its implementation is to use a super large value to represent
infinity, and it cannot add or subtract to other cost values.
The collision is checked by putting the vehicle geometry at
the sampled state to see if there is any overlap between GNT
vehicle geometry and any obstacle.

costsafety =
{

(�K
i=1e

Ni/Mi)/K, no collision
∞, collided

(11)

Length cost, noted by costlength, indicates the length of
the generated path, which is calculated by the following:

costlength = �K−1
i=1

√
(xi+1 − xi)2 + (yi+1 − yi)2 (12)

Smoothness cost, noted by costsmooth, indicates that the
tractor front wheel angle and front wheel angular velocity
should be smaller to reduce the lateral action of the GNT
vehicle. Therefore, this cost is calculated as follows:

costsmooth = wδcostδ + w�δcost�δ (13)

where wδ and w�δ represent the weights of the front wheel
angle and front wheel angular velocity cost, respectively.
They are presented by:

⎧⎨
⎩
costδ= (�K

i=1e
|δ(i)|

|δmax| )/K

cost�δ= (�K
i=2e

|δ̇(i)|
|δ̇max| )/(K − 1)

(14)

where δ(i) is the front wheel angle at i step; δ̇(i) is the
front wheel angular velocity at i step; δmax and δ̇max are the
maximum value of δ and δ̇. At last, all the cost components
are added together to the following form:

cost = w1costsafety + w2costlength + w3costsmooth (15)

C. VEHICLE TRAJECTORY SOLVER
Obtaining the initial guess is not feasible to drive; therefore,
an optimal-control-based path planning algorithm is applied
to the initial guess to ensure safety and optimality.
The state transition process of the self-driving vehicle to

the destination from its initial location is the core of the path
planning problem. So, it is reasonable to model the path
planning process as a state transition process and solve it by
the optimal control mechanism. The state transition process
can be presented as:

ẋ(t) = f (x(t),u(t)) (16)

where x indicates the state of the tractor-trailer vehicle, with
an initial state of x(0) = x0, and u(t) is the control input.
The optimal control problem is then illustrated as:

min
u

∫ tf

0
�( x(t), u(t))dt + 	(x(tf ),Xgoal)
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s. t.

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ẋ(t) = f (x(t),u(t))
x(0) = x0
x(tf ) = Xgoal
x(tf )∈Xfree(t)
u(t)∈ U

(17)

where � indicates the cost function of vehicle movement; 	

indicates the cost function of final state at the goal; Xfree(t)
is the set of all non-collision states; Xgoal is the constraint
of target state; tf is the final time to arrival; U is the control
input to be solved.
For a path planning problem, the cost function of vehicle

movement � includes the state and control variables:

�(x(t),u(t)) = w1

(
δ(t + �t) − δ(t)

�t

)2

+ w2

(
v0(t + �t) − v0(t)

�t

)2

+
M∑
i=1

w3

(
βi(t + �t) − βi(t)

�t

)2

(18)

where M indicates the number of trailers. Furthermore, the
cost function of the final state 	 is described by the time:

	
(
x
(
tf
)
,Xgoal

) = tf (19)

The state transition process in the constraints can be
replaced by the vehicle model in (10), and the constraint of
the target state is set to be the location of the destination by:

x
(
tf
) = Xgoal (20)

The safety constraint indicated by x(tf ) ∈ Xfree(t)
represents all the spaces where the vehicle is safe, and
movement is collision-free. The current method uses a
triangle-area-based criterion to generate this safety zone [14].
Nevertheless, this constraint is highly nonlinear and non-
convex, which is a challenge for the solver to converge
within a short time. Consequently, this paper proposes an
approach to construct a spatial-temporal safety corridor
to simplify this safety constraint, inspired by unmanned
aerial vehicles’ work [42]. The safety corridor provides a
set of linear inequality constraints along various timing,
instead of modeling the environment as a large nonconvex
constraint. With the help of safety corridor construction, the
optimization process will be easier to converge. The safety
corridor is constructed by expanding from each vehicle state
in the initial guess. The construction process ends when the
next expansion intersects with static obstacles such as walls
or pillars. The corridor construction method and the result
are presented in Fig. 7.

Here the definition of all the constraints shown in (17)
is obtained. The Multi-shooting method [47] discretizes the
control and state variables. The optimal control problem
is then converted to a nonlinear optimization problem, as
depicted below:

min
x,u

N−1∑
k=0

�(xk,uk) + 	(x, t)

FIGURE 7. The result of spatial-temporal safety corridor. Green boxes indicate the
corridor for tractors, and blue boxes indicate the corridor for trailers.

s. t.

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

xk+1 = f (xk,uk)dt+xk
x0 = q0
xN = qgoal
xk ∈ Sk
uk ∈ Uk

(21)

where f (xk, uk) is the vehicle kinematic model in discrete
mode; Sk indicates the k-th safety corridor, and Uk indicates
the k-th control constraint of the max steer rate and
acceleration. The converted optimization problem is then
solved by IPOPT [48].

IV. SIMULATION RESULTS AND DISCUSSIONS
A. SIMULATION PLATFORM
The proposed method is validated through simulation. The
simulation platform is developed in Python. The framework
of the simulation platform is depicted in Fig. 8. A map mod-
ule is used to set the static obstacles in the environment to
enable interaction between the vehicle and the environment.
The planning module is used to generate the path, and the
control module is used to implement the optimal control
module. The discrete vehicle model, as derived above, is
utilized to generate state variables in the next time step with
the control variables at the current step. Noises are added
to the position and yaw. The platform is running on an x86
computer with Intel Core i7-10510U@1.80GHz.

B. TEST SCENARIOS
Two different scenarios are used in this investigation, i.e.,
a vertical and a parallel scenario. Since the maneuvering
process usually takes place at the end of the transportation
task, the distance to park does not need to be very long, so the
scenarios are constructed within a 20m×20m area. The two
scenarios have very limited spaces for vehicles to maneuver.
The solid blue pixels indicate the environment constraints
formed by walls or assigned by safety areas. In each scenario,
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FIGURE 8. The framework of the simulation platform.

FIGURE 9. The scenarios and test cases.

there are two test cases that in one of them the vehicle drives
forward to the target position (Fig. 9 a) and c)), while in
the other one, the vehicle drives back to the target position
(Fig. 9 b) and d)).

C. BIDIRECTIONAL SAMPLING RESULTS
This part presents the possible results generated through the
bidirectional sampling process. It is easy to identify that
there might be multiple possible sampling solutions. The
green lines indicate the sampling result when vehicle moves
forward, and the blue lines are the reverse sampling result.
Multiple sampling results come from the randomness of the
RRT process; therefore, the evaluation process through the
cost function of (15) is necessary. The path with the lowest
cost is presented in the black line and will be considered
the initial guess. It is also easy to see that most results are
not feasible to drive with substantial discontinuous corners.
A further optimization process is required to generate the
path to drive.

D. SAFETY CORRIDOR CONSTRUCTION RESULTS
The safety corridor is constructed according to the initial
guess. It provides constraints for the optimization process.
Moreover, the threshold of collision avoidance can be tuned
through the size of the corridor construction process. The
green boxes indicate the tractor’s corridor; the blue and

FIGURE 10. Bidirectional sampling results. a) Forward vertical scenario; b) Reverse
vertical scenario; c) Forward parallel scenario; d) Reverse parallel scenario.

FIGURE 11. Safety corridor construction results. a) Forward vertical scenario;
b) Reverse vertical scenario; c) Forward parallel scenario; d) Reverse parallel
scenario.

yellow boxes indicate that of the first and second trailers,
respectively.

E. MOTION PLANNING RESULTS
The optimal control problem can be constructed and solved
with the initial guess and safety corridor. This result leads
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FIGURE 12. Optimal control results. a) Forward vertical scenario; b) Reverse
vertical scenario; c) Forward parallel scenario; d) Reverse parallel scenario.

to a series of vehicle states along the optimal path. The
illustration of the vehicle states at each point can be found in
Fig. 12. A smooth and safe path for the G2T vehicle in such
a narrow space can be generated. There is no collision with
the static obstacles. The safety margin seems small in this
case because the optimal solutions during the optimal control
process are always found near the boundary of constraints.
The expansion’s size while constructing the safety corridor
can be increased to maintain further safety distance.
The path of the tractor and each trailer can be found in

Fig. 13. In all cases, the planning algorithm can generate a
feasible solution to fulfill the requirement of maneuvering
to the target box.
The results have demonstrated the capability of the

proposed mechanism for successful path planning in narrow
spaces with forward and reverse movements. Any feasible
solution to the correct destination with the expected final
state would be enough. However, due to the limitation in
space and high-order vehicle models, the time cost for
planning is of the essence. Even though most of the planning
methods can eventually achieve a result, the time cost
is unacceptable due to the complexity of the model and
environment.

FIGURE 13. Path planning results. a) Forward vertical scenario; b) Reverse vertical
scenario; c) Forward parallel scenario; d) Reverse parallel scenario.

Some quantitative comparisons are made to two other
commonly used methods; one is HASC [40] with Hybrid
A* as an initial guess. The initial guess is then used to
generate the corridor, as illustrated in this paper. Then the
HASC method was adopted within the constraint formed by
the corridor. The other comparison experiment was carried
out using OMPCT [39]. Both a tractor with one trailer and
two trailers are used for testing. The least time costs of these
two methods and the proposed method for multiple runs are
summarized in the following tables:
In the forward scenario test cases, planning time greater

than 30 s is considered unacceptable, while this value is set
to 60 s for reverse scenario. Furthermore, N/A indicates that
the solver cannot get a solution.
In the result of TABLE 1, the OMPCT shows the best

performance in planning a feasible solution in the forward
vertical scenario. The proposed method takes slightly more
time to find the solution. The HASC method takes the longest
time. The results become different in reverse vertical scenario
as shown in TABLE 2. The HASC can generate the solution
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TABLE 1. Forward vertical scenario.

TABLE 2. Reverse vertical scenario.

TABLE 3. Forward parallel scenario.

TABLE 4. Reverse parallel scenario.

after a long time, while the OMPCT method fails to search
for the solution. The proposed method takes a few seconds
to plan the trajectories for both one trailer and two trailers
configuration. This result indicates that the proposed method
is compatible with motion planning for both forward and
reverse man processes.
From TABLE 3 and 4, similar conclusions can be drawn

that all these three methods are capable of motion planning
in the forward parallel scenario within 10 seconds. The
OMPCT generates the trajectory within minimal time; the
proposed method takes longer; the HASC takes the longest
time. While in the reverse parallel scenario, the HASC still
takes a long time, and the OMPCT cannot find the solution.
The proposed method takes about 2.5 seconds to generate a
feasible solution for 2 trailers configuration.

V. CONCLUSION
This paper has proposed a maneuvering motion planning
algorithm for self-driving general N-trailers (GNT) vehicles
in narrow spaces. The contributions and main findings of
this paper are as follows:

1) A motion planning algorithm for GNT vehicle maneu-
vering in forward and reverse directions in narrow
spaces has been proposed and verified. A two-stage
coarse-to-fine paradigm planning method has been
proposed. A first sampling-based initial guess planner
and an optimization-based planner are combined in
this paper.

2) A time-efficient linear safety constraints generation
approach using bidirectional closed-loop RRT and
spatial-temporal safety corridor has been proposed.

The safety corridor can convert the nonlinear
nonconvex constraints into linear convex constraints.
Therefore, the optimization-based planner can be easier
to yield convergence.

3) A simulation platform has been developed, and the
proposed motion planning algorithm has been validated
and compared to two state-of-the-art methods. Four test
cases of both forward and reverse maneuvering have
demonstrated the capability of the proposed method.
The successful planning results can be calculated in
several seconds despite the movement direction and
limitation of the spaces.

Further investigation will focus on developing the entire
system for ground testing with integrating appropriate GNT
vehicle controllers. The control precision of the GNT vehicle
to follow the generated path is still a challenging issue.
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