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Abstract
Autonomous ships are designed and equipped to perceive their internal and external environments and subsequently take 
appropriate actions based on predefined objective(s) without human intervention. Consequently, trajectory-planning algo-
rithms for autonomous berthing must consider factors such as system dynamics, ship actuators, environmental disturbances, 
and operational safety. In this study, trajectory planning for an autonomous ship was modeled as an optimal control problem 
(OCP), which was transcribed into a nonlinear programming problem (NLP) using direct multiple shooting. To enhance 
berthing safety, wind disturbances, speed control guidelines, actuator limitations, and collision avoidance features were incor-
porated as constraints in the NLP, which was then solved using the sequential quadratic programming (SQP) algorithm in 
MATLAB. Finally, the performance of the proposed planner was evaluated through (i) comparison with an existing method, 
(ii) trajectory planning for different harbor entry and berth approach scenarios, and (iii) a feasibility study using predefined 
as well as stochastically generated initial conditions. The simulation results indicate improved berthing safety as well as 
practical and computational feasibility.

Keywords Autonomous berthing · Practical trajectory planning · Direct multiple shooting · Berth approach speed

1 Introduction

The berthing process can be categorized into two distinct 
phases: (i) the approach phase, spanning from harbor/port 
entry to the attainment of the docking pose, and (ii) the lat-
eral alignment phase, involving crabbing maneuvers toward 
the final berthing position. During the approach phase, 
the ship undergoes controlled deceleration and navigates 
toward the docking pose - a position usually parallel and 

proximate to the berth. This maneuver is achieved either 
through direct control by the ship’s captain or with the assis-
tance of tugboats. Speed reduction during this phase is criti-
cal, as it significantly enhances operational safety [1] and 
mitigates the risk of collisions [2]. Per Rule 6 of the 1972 
COLREGs, ships are required to operate at safe speeds that 
allow for the execution of emergency maneuvers without 
jeopardizing the safety of the ship, other ships, or struc-
tures [3]. In many ports, reduced speed zones (RSZs) are 
implemented, typically requiring ships to maintain a speed 
of approximately 10 knots in calm sea conditions. Notewor-
thy early research by Hara et al. [4] and Inoue et al. [1, 5] 
has contributed significantly to understanding deceleration 
patterns during the approach phase. Hara et al. proposed 
a deceleration model based predominantly on the opera-
tor’s perception, while Inoue et al. introduced deceleration 
guidelines informed by the ship’s braking capacity[5] and 
the operational experiences of ship masters [1]. On the other 
hand, the lateral alignment phase is characterized by mini-
mal surge velocity and predominantly lateral motions as the 
ship transitions from the docking pose to the final berthing 
position. Due to the low surge velocity, the rudder’s effec-
tiveness is significantly diminished, necessitating alternative 
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methods for precise maneuvering. Consequently, this phase 
relies on alternative mechanisms, including mooring lines, 
tugboats, or side thrusters, to ensure precise alignment and 
positioning of the ship at the berth. Berthing operations can 
be performed through manual, semi-autonomous, or fully 
autonomous methods, each with its distinct advantages and 
limitations. Manual berthing, while providing flexibility and 
adaptability in unpredictable situations, is associated with 
human error, which accounts for approximately 50% of the 
marine accidents and incidents [6]. In contrast, autonomous 
berthing, which utilizes sophisticated algorithms to com-
pute and execute optimal trajectories, presents a promis-
ing alternative to mitigate the challenges associated with 
manual berthing. The successful implementation of fully 
autonomous berthing, however, requires the development 
and integration of sophisticated guidance, navigation, and 
control (GNC) systems [7]. This study focuses on guidance 
systems, with a particular emphasis on trajectory planning 
for the approach phase of berthing, as a key component for 
the realization of autonomous berthing.

1.1  Related research

Trajectory planning for autonomous berthing can be con-
sidered a constrained nonlinear optimization problem that 
necessitates determining the optimal inputs that will steer 
the ship from an arbitrary position to the desired berthing 
position, taking into account the ship dynamics, desired 
objective(s), path constraint(s), and, where possible, envi-
ronmental disturbances. Solving this optimization problem 
to generate dynamically and practically feasible states and 
control trajectories is a testament to successful trajectory 
planning. Despite its significance, only about 1% of trajec-
tory planning algorithms focus on autonomous berthing [8], 
underscoring the need for further research to enhance its 
practical application.

Algorithms for path and trajectory planning fall into two 
categories: (i) local optimization, and (ii) global optimiza-
tion [9]. These methods have been applied separately or 
combined for effective berthing solutions. The A ∗ algorithm 
[10, 11], a global optimization method, has been adapted for 
improved collision avoidance [12], smoothness, and trace-
ability [13]. While effective, the algorithm’s performance 
depends on the quality of the heuristic function. Another 
approach involves customizing optimization algorithms for 
trajectory optimization. Maki et al. [14] proposed a berth-
ing trajectory optimization algorithm based on the covari-
ance matrix adaptation evolution strategy (CMA-ES)-based 
[15], with inequality constraints addressed [16], but without 
accounting for environmental disturbances. Later modifica-
tions by Miyauchi et al. [17] included wind disturbance 
considerations and the introduction of a ship domain for 
enhanced safety margin. CMA-ES was later adapted by 

Suyama et al. [18] to replicate captain maneuvers at a port. 
However, CMA-ES is computationally expensive, limiting 
its use to offline applications.

Local optimization methods have been key in automating 
the berthing process. Early work by Koyama et al. [19] and 
Yamato et al. [20] introduced knowledge-based and expert 
system planners for handling disturbances, respectively. 
Later, Shouji et al. [21] formulated the problem as a non-
linear two-point boundary value problem (TPBVP), solved 
using the sequential conjugate gradient restoration algorithm 
(SCGRA) [22], while Djouani et al. [23] used the discrete 
Augmented Lagrangian approach to minimize berthing time 
and energy while accounting for system dynamics and dis-
turbances. Additionally, the Artificial Potential Field (APF) 
algorithm [24] has been adapted for collision avoidance [25] 
and smoother heading control [26], highlighting its potential 
for improved real-time performance and COLREGs com-
pliance. Other approaches include nonlinear model pre-
dictive control (NMPC) as demonstrated by Mizuno et al. 
[27] and Zhang et al. [28], in which the latter prioritizes 
minimal berthing time but did not address collision avoid-
ance or environmental factors. Martinsen et al. [29] used 
collocation-based planners with NMPC for improved real-
time performance.

Combining global and local optimization algorithms has 
significant potential, where solutions from global optimiza-
tion methods serve as warm-starts for local optimization, 
thereby improving accuracy and computational efficiency. 
The trajectory optimization problem is typically posed as an 
optimal control problem (OCP) and transcribed into nonlin-
ear programming problem (NLP), then solved appropriately. 
Bitar et al. [30] refined A ∗ solutions using direct collocation, 
while Rachman et al. [31] and Wang et al. [32] used CMA-
ES and Hybrid A ∗ solutions, respectively, as warm starts 
for the NLPs.

Current path and trajectory planning algorithms, while 
achieving notable performance, still present critical gaps in 
addressing navigation safety comprehensively [8]. A key 
limitation is the insufficient consideration of environmental 
disturbances [33], which compromises practical applicability 
in scenarios where disturbances exceed the ship’s actuation 
capacity. Moreover, despite evidence that speed reduction 
significantly decreases accident frequency [34] as well as 
facilitates a smoother transition between the two phases of 
berthing [35], speed reduction criteria remain absent from 
existing trajectory optimization algorithms. Addressing 
these gaps is essential for improving the safety and reliabil-
ity of autonomous berthing operations.

1.2  Objective and scope

The primary objective of this study is to enhance berth-
ing safety by considering essential factors such as speed 
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reduction, external disturbances, and practical feasibility 
in trajectory optimization. The trajectory optimization 
problem was modeled as a minimum-time optimal control 
problem (OCP), transcribed into a nonlinear programming 
problem (NLP) using direct multiple shooting, and solved 
using the ������� solver, ��� algorithm in MATLAB . The 
contributions of this study are as follows: 

 (i) An online optimal-control-based planner that uses a 
simple linear guess (linear interpolation between the 
initial and terminal optimization variables) to initial-
ize the SQP algorithm,

 (ii) Enhancement of practical feasibility by considering 
wind disturbances, spatial constraints, and imposing 
an artificial limit on the actuators,

 (iii) Incorporation of speed reduction guidelines into the 
planner, and

 (iv) Reasonable computational cost that makes the plan-
ner suitable for re-planning and potentially real-time 
applications.

To validate the algorithm, the optimal trajectories, states, 
and control obtained using the proposed planner were 
compared with those obtained using the CMA-ES algo-
rithm for two different model ships: Ship A and Ship B. 
Ship A is a single screw model ship equipped with a bow 
thruster and vectwin rudder system, whereas Ship B is an 
underactuated model ship, as detailed in Table 1.

The remainder of the paper is organized as follows: 
Sect. 1.3 introduces the important notations used in the 
study; Sect. 2 introduces the model ship and its mathe-
matical model. The section then describes the OCP to be 
solved, the transcription of the OCP into an NLP, and the 
detailed description of the NLP constraints. The transcrip-
tion, actuator, speed reduction, and collision avoidance 
constraints are described here. This section also describes 
the simulation conditions used to validate and demonstrate 
the algorithm’s performance; Sect. 3 presents the simula-
tion results and the feasibility study; The outcomes of the 
study are discussed in Sect. 4 and concluded in Sect. 5.

1.3  Notations

In this study, ℝn denotes the n-dimensional Euclidean space, 
where each coordinate is a real number. The terms marked 
with an asterisk (*) indicate the corresponding optimal 
values.

2  Methods

Ship A is the subject ship used in this study and its principal 
particulars are listed in Table 1.

2.1   Maneuvering model of the ship

In this study, the Maneuvering Model Group (MMG) harbor 
maneuvering model [36] was used to calculate the forces act-
ing on the hull. The kinematic ship model used is a 3-DOF 
model that uses two coordinate systems: the earth-fixed sys-
tem O0 − x0, y0, z0 and the ship-fixed system O − x, y, z where 
O is the ship’s center of gravity as shown in Fig. 1.

UT is the speed of the true wind and �T is the direction of 
the true wind positive in the clockwise direction starting 
from the x-axis of the earth-fixed coordinate system. � is the 
ship’s drift angle measured in the ship-fixed coordinate sys-
tem. � , us, vm , and r denote the ship’s yaw angle, surge 
velocity, sway velocity, and yaw velocity, respectively. 
U =

√
u2
s
+ v2

m
 , is the resultant ship speed.

Further, Eq. 1 describes how the kinematics at the mid-
ship can be transformed from the ship-fixed coordinate sys-
tem to the earth-fixed coordinate system.

Table 1  Principal particulars of model ships

Ship A Ship B

Length, L 3.0m 3.0m
Breadth, B 0.4m 0.4m
Draft, d 0.17m 0.17m
Propeller 1 fixed pitch propeller 1 fixed pitch propeller
Rudder Vectwin rudder system Single rudder
Side Thrusters 1 fixed pitch bow thruster

Fig. 1  Coordinate systems
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The equation of motion, shown in Eq. 2, is based on the 
MMG model proposed by [37].

where m represents the ship’s mass, while mx and my denote 
added masses in the x-axis and y-axis, respectively. The term 
IzG denotes the moment of inertia acting at the ship’s center 
of gravity, xG , whereas Jz represents the added moment of 
inertia. The terms X and Y correspond to the total surge 
and sway forces, respectively, while Nm represents the yaw 
moment about the midship. The right-hand side of Eq. 2 can 
be expanded as follows:

The subscripts H, P, BT, R, and A denote hull, propeller, 
bow thruster, rudder, and air, respectively. Equation 3 sum-
marizes the summation of the surge and sway forces and 
moments resulting from the hydrodynamic forces acting on 
the hull, steering forces and moments induced by the rudder, 
thrust forces and moments generated by the propeller and 
bow thruster, and wind forces and moments. The hydrody-
namic forces and moments induced by the propeller thrust 
were expressed based on the Yasukawa et al. [37] model. 
Unlike conventional ships where the propeller can operate 
in both forward and reverse directions, propellers for ships 
equipped with a vectwin rudder system are operated in the 
forward direction only. The vectwin rudder system consists 
of a pair of rudders with specially designed profiles mounted 
symmetrically on the hull behind the propeller. The angle 
range for each rudder is 1400 , that is, 1050 towards the out-
board and 350 towards the inboard. This enables the ship 
to perform common maneuvers such as turning, emergency 
stop, and crash-astern by maintaining a constant forward 
propeller revolution and a desirable combination of rud-
der angles. The rudders can be operated as a pair or indi-
vidually as in a conventional twin rudder ship. The forces 
and moments induced by the rudder were formulated as 
described by Kang et al. [38]. The forces and moments due 
to the wind (air) were calculated using the method presented 
by Fujiwara et al. [39].

From Eq. 2, the expressions for mass and added masses 
can be simplified as, Mx = m + mx and My = m + my . In 

(1)
⎡
⎢⎢⎣

ẋ0
ẏ0
�̇�

⎤
⎥⎥⎦
=

⎡
⎢⎢⎣

cos𝜓 − sin𝜓 0

sin𝜓 cos𝜓 0

0 0 1

⎤
⎥⎥⎦

⎡
⎢⎢⎣

us
vm
r

⎤
⎥⎥⎦

(2)

(m + mx)u̇s − (m + my)vmr − xGmr
2 = X

(m + my)v̇m + (m + mx)usr + xGmṙ = Y(
IzG + Jz + xGm

2
)
ṙ +

(
vm + usr

)
xGm = Nm,

(3)

X = XH + XP + XBT + XR + XA

Y = YH + YP + YBT + YR + YA

Nm = NH + NP + NBT + NR + NA

addition, the expression (IzG + Jz + x2
G
m) was simplified 

to Izm . Subsequently, Eq. 2 can be rewritten as:

2.2  Trajectory optimization and formulation

2.2.1  Optimal control problem (OCP)

System dynamics as shown in Eq. 5 were obtained by combin-
ing Eqs. 1 and 4.

where UT and �T are the true wind speed and direction, 
respectively. For the trajectory planner, the wind param-
eters were estimated at the beginning and were assumed to 
be steady throughout the trajectory. Let t̄ be the actual time 
outside the planner. The wind parameters were estimated at 
time t̄j , corresponding to t0 of the planner.

The states vector is defined as:

where x0 and y0 denote the earth-fixed position in the x and 
y directions, respectively.

The control vector is defined as:

where �p, �s, np and nbt denote the port rudder, starboard rud-
der, propeller, and bow-thruster, respectively. Let t0 and tf 
denote the initial and final times, respectively. The corre-
sponding initial and final states are expressed as x(t0) = x0 
and x

(
tf
)
= xf , respectively.

The OCP to be solved is the minimum-time berthing prob-
lem, which is defined by the objective function presented in 
Eq. 8.

(4)

u̇s =
(X +Myvmr + xGmr

2)

Mx

v̇m =
(Y −Mxusr)Izm − (Nm − xGmusr)(xGm)

MxIzm − (xGm)
2

ṙ =
(Y −Mxusr)(xGm) − (Nm − xGmusr)My

(xGm)
2 −MyIzm

(5)ẋ(t) = f (x(t), u(t),UT, 𝛾T),

(6)x(t) ≡ [x0, y0,� , us, vm, r]
⊺ ∈ ℝ

6,

(7)u(t) ≡ [�p, �s, np, nbt]
⊺ ∈ ℝ

4,

(8)

minimize J =

6�
i=1

‖xi
�
tf
�
− xf,i‖2 × �

tf

0

6�
i=1

‖xi(t) − xf,i‖2dt

subject to t ∈ [0, tf] and tf ∈ (0,∞)

ẋ(t) = f (x(t), u(t),UT, 𝛾T)

x∗(t0) = x0

x∗
�
tf
�
= xf

umin ≤ u(t) ≤ umax.
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The objective function was originally proposed by Maki 
et al. [40] and later modified for optimization using SQP by 
Rachman et al.[31].

2.2.2  Discretization and transcription

This study utilized direct multiple shooting, one of three 
direct numerical methods for solving OCPs [41]. This 
approach was chosen based on the evidence that it offers 
superior accuracy and computational efficiency[42–44]. 
To discretize the continuous-time optimal control problem 
and transcribe it into a nonlinear programming problem 
(NLP), the trajectory with time interval [0, tf] is divided 
into Ns segments (Fig. 2). Let i denote the ith segment such 
that, i = 1, 2,… ,Ns . The endpoints of the segments act as 
discretization points and are hereafter known as knots. Let 
Nk denote the number of knots such that k = 1, 2,… ,Nk , 
where k denotes the kth knot point. In addition, Nk = Ns + 1

.
The command control input per segment is approxi-

mated as piecewise constant, measured at knot points, 
uk ≡ u(tk) . The actual control input in the planner incor-
porates actuator rate changes and is saturated at the com-
mand input value, as shown in Eq. 2. The rate of change is 
based on actual actuator data. Limiting the control input 
deliberately enhances berthing safety by creating a buffer 
zone to counter unknown disturbances [45]. Henceforth, in 
this study, only 43% of the rudders’, 50% of the propeller, 
and 75% of the bow thruster actuation were used.

For any segment i starting from k to k + 1 knot points, 
the states xk ≡ x(tk) and control uk obtained from each iter-
ation are used to integrate the system equations of motion, 
(true dynamics), fT(tk) over that segment using the 4th 
order Runge–Kutta scheme.

The ‘true states’, xT(tk+1) obtained from equation Eq. 9 at the 
end of the segment are compared with the computed states 
obtained from the SQP solver, xk+1 . Ideally, these states 
should match. This condition, expressed in Eq. 10, refers 
to the quadrature constraints and is included as part of the 
equality constraints in the NLP.

To ensure continuity between segments and minimize the 
defects, the states at the end of one segment, xk− , must match 
the states at the beginning of the subsequent segment, xk+ . 
This condition is expressed in Eq. 11 and serves as an equal-
ity constraint in the NLP.

2.2.3  Speed reduction criterion

In this study, the speed reduction guidelines proposed by Inoue 
et al. [1] were incorporated into the trajectory planner. The 
developed guidelines consider both operational safety and 
captains’ perceptions of safety, where each region represents 
a certain safety status. As shown in Fig. 3, if a ship operates 
within the ‘Red’ region, it cannot achieve zero speed before 
reaching the target berthing point even if Full Astern braking 
force is used. Although it is possible to stop the ship using Full 
Astern, Astern, or Slow Astern braking force, operating within 
the ‘Amber’ region poses a high risk of losing control of the 
ship. Within the ‘Available’ regions, the captain can use Dead 
Slow Astern or Slow Astern braking force and easily change 

(9)xT(tk+1) = ∫
tk+1

tk

fT
(
x(tk), u(tk),UT(t̄j), 𝛾T(t̄j)

)
dt

(10)xk+1 = xT(tk+1)

(11)xk− = xk+

Fig. 2  Illustration of direct multiple shooting
Fig. 3  Speed reduction criterion based on guidelines proposed by 
Inoue et. al [1]
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the ship’s course without the risk of losing control. Accord-
ing to the questionnaire data, most captains operate within 
the ‘Recommendable’ region with Dead Slow Astern braking 
force. For more information, refer to Figs. 3 and  4.

In previous trajectory planning algorithms, speed reduction 
guidelines were not considered. As illustrated in Fig. 5, some 
trajectories resulting from these earlier algorithms [31, 40] 
depict the ship nearing the berth within the ‘Amber’ region, 
and dangerously close to the ‘Red’ region. This increases the 
risk of losing navigational control. In addition, the presence 
of environmental disturbances would significantly increase the 
risk of collision or contact with port structures. Subsequently, 
this study addressed this challenge by introducing speed limits, 
which would maintain the ship close to the ‘Recommendable’ 
region.

This study used guidelines proposed by Inoue et al. [1] to 
derive the speed reduction criterion, and the desired minimum 
and maximum speed limits were defined as shown in Fig. 3. 
The terms us , usN , and D denote the ship’s forward speed in 
m∕s , nominal ship speed in m∕s , and the ship’s distance from 
the berth in meters , respectively. Equation 12 defines the corre-
lation between the desired speed limits and the ship’s distance 
from the berth.

where ud denotes the non-dimensional ship’s forward speed 
when it is at a nondimensional longitudinal distance d from 
the final berthing point, such that, ud = us∕usN at a distance 
d = D∕Lpp from the berth. The values of coefficients c1, c2 
and c3 are listed in Table 2.

Equation 13 forms part of the inequality constraints in the 
NLP, such that, for all knot points,

(12)ud(min,max) = c1d + c2(1 − e−c3d),

2.2.4  Collision avoidance constraints

Solving the point-in-polygon (PIP) problem is a fundamental 
method for assessing the spatial relationship between two 
objects. In this study, the winding number method [46] was 
employed to define collision avoidance constraints, treat-
ing the port layout as a closed 2D planar polygon and the 
vertices of the ship domain as points whose inclusion in the 
polygon is to be determined. Rachman et al. [31] demon-
strated the effectiveness of this approach in defining spatial 
constraints within trajectory optimization. The ship domain 
represents the effective 2D region surrounding the ship that 
must remain clear of other ships or port structures. The 
shape and size of the ship domain are influenced by factors 
such as ship dimensions, maneuverability, environmental 
conditions, and speed. In this study, an elliptical ship domain 
was employed, with its dimensions dependent on the ship’s 
length, breadth, and speed as proposed by Miyauchi et al. 
[17].

The shape and position of the port boundary vertices are 
derived from the topography of Inukai Pond at Osaka Uni-
versity. Only the relevant section of the pond, both depth-
wise and within 20Lpp with additional space, was considered, 

(13)ud(min)(tk) ≤ us(tk) ≤ ud(max)(tk)

Fig. 4  A schematic aerial view of a port layout that summarizes the 
speed reduction guidelines proposed by Inoue et al. [1]. It depicts two 
berthing scenarios: (1) The scenario where the ship approaches the 
berth at a reduced/controlled speed (blue path) and reaches the berth 
safely. Along this path, the braking force may be as low as Dead Slow 
Astern or as high as Full Astern. (2) In the second scenario, the ship 
approaches the berth at a high speed (red path), and even with Full 
Astern as the braking force, the ship is unable to stop at the desired 
berth and subsequently collides with the pier, jetty, or wall

Fig. 5  Berth approach speed trends of trajectories generated using the 
CMA-ES algorithm [40] and the semi-online trajectory planner (SO-
TP) [31]

Table 2  Coefficients of the speed limits equation

Coefficient Lower speed limit Upper speed limit

c1 1.0 × 10−3 5.3 × 10−3

c2 1.26 × 10−2 1.67 × 10−2

c3 3.72 × 10−1 1.67
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reflecting the typical maneuvering area during berthing or 
unberthing operations, as shown in Fig. 6. The coordinates 
of these vertices were recorded in the earth-fixed coordinate 
system, with the area enclosed by the polygon considered 
free of obstacles.

Let N and Pi denote the number of port boundary vertices 
and the ith vertex of the port boundary, respectively, such 
that i = 1,… ,N  . Nsd denotes the number of ship-domain 
vertices, and Qj is the jth vertex of the ship domain such 
that j = 1,… ,Nsd . Let �i be the angle subtended from the 
jth vertex of the ship domain by two consecutive vertices 
of the port boundary; Pi and Pi+1 . Refer to Fig. 7 for more 
information.

At each knot point, the winding number wn(Qj,P) , which 
represents the sum of the angles �i , subtended from each ship 
domain vertex and all port boundary vertices was computed 
as outlined in Eq. 14 and incorporated into the NLP equality 
constraints.

2.2.5  Finite dimension NLP

Since the ship is operated with constant propeller revolu-
tions, np was excluded from the optimization variables. The 
vector of unknown variables, X , to be optimized is expressed 
as:

(14)wn(Qj,P) =

N∑
i=1

�j,i
|||k

The OCP to be solved was transcribed into a finite dimension 
NLP, incorporating additional constraints, and defined as:

The flow chart shown in Fig. 8 summarizes the optimization 
process described in Sect. 2.2.

2.3  Simulation conditions

The approaches to harbors and berths by a ship are gov-
erned by a complex interplay of factors, including port 
regulations, prevailing wind conditions, tidal currents, ship 
dimensions, and maneuverability limitations. In this study, 
a virtual harbor entrance was introduced, as illustrated 
in Fig. 9, to simulate realistic scenarios of harbor entry 
and berth approach without recomputation attempts. Six 
cases were analyzed, encompassing head-on and oblique 

(15)X ≡ (tf, x1,… , xNk
, u1,… , uNk−1

)⊺ ∈ ℝ
Nk+(Nk−1)+1

(16)

minimizeJ =

6�
i=1

‖xi
�
tf
�
− xf,i‖2 × �

tf

0

6�
i=1

‖xi(tk) − xf,i‖2dt

subject to

tk ∈ [0, tf] and tf ∈ (0,∞)

UT

�
tk
�
= UT(t̄j) and 𝛾T

�
tk
�
= 𝛾T(t̄j)x

∗(t0)= x0

x∗
�
tf
�
= xf

x−
k
= x+

k
for k = 2,… ,Nk

xk+1 = xT(tk+1) for k = 2,… ,Nk

ud(min)(tk) ≤ us(tk) ≤ ud(max)(tk) for k = 1,… ,Nk

N�
i=1

𝜃j,i
���k = 2𝜋 for j = 1,… ,Nsd and k = 1,… ,Nk

umin ≤ u(tk) ≤ umax

np(tk) = 10rps.

Fig. 6  Port geometry relative to Inukai Pond at Osaka University

Fig. 7  Port boundary and ship domain vertices
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approaches to the harbor entrance, as well as parallel and 
angular approaches to the berth, thereby capturing a range 
of operational conditions.

The initial states and wind conditions for each case are 
detailed in Table 3, while Table 4 provides a summary of 
other simulation parameters, and computer and software 
specifications.

3  Computation results

3.1  Comparison with an existing method

The accuracy and reliability of the proposed planner are 
demonstrated by comparing the optimal trajectories obtained 
with those obtained using the CMA-ES algorithm [40], for 
two different model ships. The simulation was performed 
without recomputation attempts. The initial and final states 
x(t0) and x(tf) for the SQP were set to be similar to those of 
the CMA-ES algorithm. As shown in Fig. 10a and b, when 
the CMA-ES solution was used to initialize the SQP, the 
optimal trajectories obtained were nearly identical to those 
obtained using CMA-ES.

3.2  Simulation cases

3.2.1  Case 1: Head‑On approach to the harbor entrance

In this scenario, the ship approaches a harbor or port directly 
from the open sea, aligning its bow with the entrance of the 
harbor such that the longitudinal axis of the ship is perpen-
dicular to the entrance. This approach is suitable for ships 
with great course-keeping abilities under calm environmen-
tal conditions. In the simulation, the ship is initially posi-
tioned 20Lpp away from the berth, with the relative wind 
blowing from its starboard side. The optimal trajectories 
obtained with and without speed reduction constraints are 
shown in Fig. 11. Notable variations in the trajectories are 
evident past the harbor entrance. Ultimately, within a 2Lpp 
range from the berth, the absence of speed reduction con-
straints results in the ship approaching the berth within the 
‘Amber’ region.

3.2.2  Case 2: Oblique approach to the harbor entrance

In this scenario, the ship is not directly aligned with the 
entrance but approaches at an angle, that is, the ship’s 
longitudinal axis forms an angle with the imaginary line 
perpendicular to the harbor entrance. This approach helps 
counteract the impact of wind and strong currents and better 
manage the ship’s stability in challenging weather condi-
tions [47]. Similar to Case 1, the ship is initially positioned 
approximately 20Lpp away from the berth, with the relative 
wind blowing from its starboard side. However, in Case 2, 
the initial lateral position of the ship is offset by 6.5m to the 
starboard side of the initial lateral position of the ship in 
Case 1. The optimal trajectories obtained with and without 
speed reduction constraints are shown in Fig. 12. The tra-
jectories and deceleration patterns of the solutions exhibit a 
marked degree of similarity. However, similar to what was 

Fig. 8  Flow chart of the optimization process

Fig. 9  Simulation cases
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observed in Case 1, within the 2Lpp range from the berth, the 
lack of speed constraints leads to the ship approaching the 
berth within the ‘Amber’ region.

3.2.3  Case 3: Oblique Approach to the Harbor Entrance

This scenario is similar to Case 2 but the ship approaches 
from the opposite side of the harbor entrance, with the initial 
lateral position of the ship offset by 6.5 m to the port side of 
the initial lateral position in Case 1. The initial position of 
the ship is approximately 20Lpp away from the berth, with 
the relative wind blowing from its starboard side. Further, 
this approach helps reduce the risk of accidents or difficul-
ties when entering a harbor [47]. The optimal trajectories 
obtained with and without speed reduction are shown in 
Fig. 13. The differences in trajectories and deceleration pat-
terns between solutions with and without speed constraints 
become apparent past the harbor entrance, closely resem-
bling the patterns observed in Case 1. These similarities 
extend to the relative wind direction as well. As observed 
in previous cases, in the absence of speed constraints, the 
ship approaches the berth within the ‘Amber’ region when 
within the 2Lpp range.

3.2.4  Case 4: Angular approach to the berth

In this scenario, the orientation of the ship with respect 
to the berth is such that its longitudinal axis is at an angle 

to the berth. This approach is common in the presence of 
currents and winds or for large ships operating in confined 
harbor areas. In Case 4, the ship is initially positioned 
approximately 10Lpp away from the berth with a lateral 
position of the ship similar to Case 2 and relative wind 
blowing from its starboard side. The initial heading of the 
ship, in this case, is sharper compared to Case 2, and the 
initial speed is approximately half of the initial speed in 
Case 2. The optimal trajectories obtained with and without 
speed reduction are shown in Fig. 14. The trajectories and 
deceleration patterns show significant similarity, closely 
resembling the patterns seen in Case 2, although in this 
case, the relative wind blows from a different direction. 
Despite the similar deceleration patterns, in the absence of 
speed reduction constraints, the ship enters the ‘Amber’ 
region within 2Lpp from the berth.

3.2.5  Case 5: Angular approach to the berth

This scenario is similar to Case 4, but the ship approaches 
from the opposite side of the berth. In Case 5, the ship 
is initially positioned approximately 10Lpp away from the 
berth with a lateral position of the ship similar to Case 3 
and relative wind blowing from its port side. The initial 
heading of the ship, in this case, is sharper compared to 
Case 3, and the initial speed is approximately half of the 
initial speed in Case 3. The optimal trajectories obtained 
with and without speed reduction are shown in Fig. 15. In 
both cases, the ship initially decelerates; however, in the 
absence of speed reduction constraints, the ship deceler-
ates to a significantly low speed. While this speed places 
the ship within the ‘Available’ region, such a low speed 
may impair the ship’s ability to counteract external distur-
bances effectively. The ship subsequently accelerates to 
reach the berth and enters the ‘Amber’ region when it is 
within 2Lpp of the berth. This highlights the potential risk 

Table 3  Initial conditions for 
the simulation cases

Case Initial states Wind

 x(t0) (t = t̄j)

x0 us y0 vm � r �T UT

[m] [m/s] [m] [m/s] [rad] [rad/s] [deg] [m/s]

1 60 0.70 0 0 3.14 0 45 0.75
2 60 0.70 − 6.5 0 2.67 0 315 0.75
3 60 0.70 6.5 0 3.61 0 250 0.75
4 30 0.35 − 6.5 0 2.20 0 135 0.25
5 30 0.35 6.5 0 4.08 0 225 0.25
6 30 0.35 0 0 3.14 0 225 0.25

Table 4  Simulation conditions

Distance from the berth 0 ≤ D ≤ 20Lpp

Forward velocity us ≤ 0.75 m/s. This corresponds to 
about 10 knots of the full-scale ship

Computer used 16GB RAM and Intel(R) Core(TM) 
i7-9700 CPU @ 3.00GHz 8-core 
Processor

MATLAB R2019b, ������� solver, ��� algorithm
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posed by uncontrolled deceleration within the approach 
phase of berthing.

3.2.6  Case 6: Parallel approach to the berth

A parallel approach to the berth refers to the scenario in 
which the ship approaches the berth such that its longitudi-
nal axis is aligned with the axis of the berth. This approach 
is suitable for ships with great course-keeping abilities 
and less congested harbor areas. Similar to Cases 4 and 5, 

in Case 6, the ship is initially positioned 10Lpp away from 
the berth, with the relative wind blowing from its foreside. 
The initial heading is similar to that in Case 1, and the ini-
tial speed of the ship is half of the initial speed in Case 1. 
The optimal trajectories obtained with and without speed 
reduction are shown in Fig. 16. Consistent with all previ-
ous cases, without speed constraints, the ship enters the 
‘Amber’ region when within a 2Lpp range from the berth. 
Although the initial orientations of the ship in Case 1 and 

Fig. 10  A comparison of the 
optimal trajectories, controls, 
and states for a ship A and 
b ship B. The comparison is 
between four solutions: (i) 
CMA-ES solution without 
speed reduction (black), (ii) 
SQP solution initialized using 
the CMA-ES solution, without 
speed reduction (apple green), 
(iii) linearly initialized SQP 
solution, without speed reduc-
tion (red), and (iv) linearly 
initialized SQP solution, incor-
porating speed reduction (blue). 
It should be noted that this 
comparison did not take into 
account wind disturbances
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Case 6 are identical, differences in the distance from the 
berth, speed, and wind conditions, influence the objective 
function and constraints to be satisfied, leading to solu-
tions with different approach patterns.

3.3  Feasibility study

In the context of SQP, "feasible solution" refers to a solu-
tion that satisfies all constraints of the optimization prob-
lem. On the other hand, "infeasible solution" refers to the 
situation in which the SQP algorithm fails to find a solu-
tion that satisfies all constraints. In some instances, the 
SQP solver may terminate prematurely due to reaching a 
predefined maximum number of iterations. In this study, 
cases in which the solver stopped prematurely were cat-
egorized as infeasible.

The feasibility study was conducted using two distinct 
approaches: 

 (i) Grid-based simulations
 (ii) Stochastic initial conditions

3.3.1  Grid‑based simulations

The port geometry was discretized into a uniform grid, with 
the center of each grid cell serving as a representative posi-
tion. For each position, simulations were conducted across 
four initial speeds ( 0.150, 0.343, 0.535, and 0.723m∕s ) for 
each of the three initial headings shown in Fig. 17. Subse-
quently, there were 12 simulation cases per grid square and 
the simulations were done once without recomputation.

A total of approximately 625 cases were simulated. As 
shown in Fig. 18, the distribution of feasible cases across the 
port geometry is illustrated. The distribution varies notably 
between the two simulations, with the simulation without 
speed reduction constraints yielding a higher number of fea-
sible cases compared to the simulation incorporating speed 
reduction constraints.

It is important to note that, regardless of the presence 
of speed reduction constraints, most cases near the port 
wall were inherently infeasible due to violations of colli-
sion constraints, as the ship or its trajectory would inevi-
tably intersect with the port boundaries. In scenarios with 
high initial speeds (0.723 m/s), the ship’s domain expanded 

Fig. 11  Case 1: Optimal trajectory for a head-on approach to 
the harbor entrance in the presence of wind disturbances, that is, 
U

T
= 0.75 [m∕s], �

T
= 45◦

Fig. 12  Case 2: Optimal trajectory for an oblique approach to 
the harbor entrance in the presence of wind disturbances, that is, 
U

T
= 0.75 [m∕s], �

T
= 315◦
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significantly, surpassing the limits of the port geometry and 
violating the collision constraints. Similarly, in other cases, 
the initial positions were so close to the port wall that, even 
at the lowest speed, the ship’s domain would still extend 
beyond the port boundaries, thereby violating the collision 
constraints. These factors collectively contributed to the 
infeasibility of these cases.

In the context of feasibility distribution based on speed 
constraints, some cases were deemed infeasible from the 
outset in simulations with speed reduction constraints due 
to violation of speed constraints. This was not the case in 
simulations where speed constraints were absent, as such 
constraints did not apply. Furthermore, in scenarios where 
the initial speed was high but still within the planner’s con-
straints, in simulations with speed reduction constraints, the 
control inputs must not only ensure the correct heading but 
also facilitate deceleration to satisfy the speed constraints. 
This differs from cases without speed reduction constraints, 
where the primary requirement for control inputs is to main-
tain the correct heading and achieve the appropriate decel-
eration to reach the set speed at the final position, without 
the additional constraint of adhering to a speed limit during 

the maneuver. These additional requirements in the simula-
tions with speed reduction constraints are considered to have 
contributed to a higher number of infeasible cases compared 
to those without speed constraints.

Additionally, Fig. 19 illustrates the number of feasible 
cases that violate critical speed limits. In this figure, the 
lower speed limit corresponds to the proposed planner’s 
lower speed limits, below which it is considered challeng-
ing for the ship to counteract wind and other environmen-
tal disturbances. The amber and red speed limits are based 
on the speed reduction guidelines by Inoue et al.[1]. In the 
absence of speed reduction constraints, approximately 26 
trajectories of the feasible solutions fell within the amber 
region, and 14 trajectories were in the red region. This 
underscores the importance of incorporating speed reduc-
tion constraints to ensure safer trajectories. With the imple-
mentation of speed reduction constraints, only 2 trajectories 
of the feasible cases were found within the amber and red 
regions. This can be attributed to the distribution of knot 
points, where, although the speed at all knot points remained 
within the prescribed speed constraints, certain instances 
along the trajectory segments violated the constraints. Such 

Fig. 13  Case 3: Optimal trajectory for an oblique approach to 
the harbor entrance in the presence of wind disturbances, that is, 
U

T
= 0.75 [m∕s], �

T
= 45◦

Fig. 14  Case 4: Optimal trajectory for an angular approach 
to the berth in the presence of wind disturbances, that is, 
U

T
= 0.25 [m∕s], �

T
= 135◦
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violations could potentially be mitigated by increasing the 
number of segments, allowing for more precise control over 
the speed at intermediate points. However, this approach 
would likely result in a significant increase in computational 
load, presenting a trade-off between safety and computa-
tional efficiency.

3.3.2   Stochastic initial conditions

This approach involved the assessment of 200 cases with 
stochastically generated initial conditions within predefined 
bounds to ensure practicality and realistic operational sce-
narios. Further, a maximum of three recomputation attempts 
were made with different control input initializations for the 
cases initially deemed infeasible.

Initially, solutions to 100 cases, ( 50% ) out of 200 cases 
considered were found feasible, as shown in Fig. 20. The 
number of feasible cases increased to 125 ( 62.5% ), 142 
( 71% ), and 151 ( 75% ) after the first, second, and third rec-
omputation attempts, respectively, as shown in the figure, 
Fig. 20.

Fig. 15  Case 5: Optimal trajectory for an angular approach 
to the berth in the presence of wind disturbances, that is, 
U

T
= 0.25 [m∕s], �

T
= 225◦

Fig. 16  Case 6: Optimal trajectory for a parallel approach 
to the berth in the presence of wind disturbances, that is, 
U

T
= 0.25 [m∕s], �

T
= 225◦

Fig. 17  Distribution of grid squares across the port geometry. The 
grid squares highlighted in green and orange are magnified and dis-
played in the side plots, with their axes color-coded to match the cor-
responding grid highlights
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Figure 21 shows how the computation speed varies for 
the stochastically generated cases regardless of their fea-
sibility status. It is noteworthy that the initial computation 
time was less than 300 s for 71 cases. However, after the 
subsequent recomputation attempts, the total computation 
time per case increased, with the highest computation time 
being 5632 s. Moreover, the proposed planner can generate 
physically and dynamically feasible solutions in as little 
as 69 s for a case closest to the berth and 274 s for a case 
farthest from the berth.

4  Discussion and limitations

The proposed planner demonstrates a noteworthy depar-
ture from previous studies on the utilization of a simple 
linear guess to initialize the SQP algorithm. The simula-
tion results in Figs. 11, 12, 13, 14, 15, 16, demonstrate 
the potential of using a less sophisticated initial guess 
for satisfactory performance of the trajectory planner. 
Moreover, the proposed planner demonstrates the ability 
to generate feasible solutions with a computation time of 
approximately 300 s or less for most cases, as detailed in 
Sects. 3.2 and 3.3. This computational efficiency presents 
a significant advantage in scenarios necessitating frequent 

Fig. 18  Distribution cases with feasible solutions across the port 
geometry for simulations performed with and without speed reduc-
tion constraints

Fig. 19  Histograms illustrating the distribution of feasible cases 
that violate speed limits for simulations performed with and without 
speed reduction constraints

Fig. 20  Distribution of the stochastic initial conditions, where 50% 
of the cases were feasible in the initial computation. The histogram 
illustrates the changes in feasibility status after the recomputation 
attempts, with 50% , 62.5% , 71% , and 75% of the cases found feasi-
ble in the initial computation, first, second, and third recomputations, 
respectively

Fig. 21  Summary of computation time at the final computation 
attempt across all 200 cases, illustrating how computation time varies 
with distance from the berth and initial speed
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recomputation due to fluctuations in initial conditions or 
the infeasibility of previously generated solutions.

The inclusion of speed reduction and actuator limitations 
in NLP enhances the realism of the proposed trajectory plan-
ner. Although identical initial guesses were used for each 
case, significant differences were observed in the result-
ing optimal trajectories and deceleration patterns between 
simulations conducted with speed reduction constraints and 
those without. Further, from Figs. 11 12, 13, 14, 15, 16, a 
comparison between solutions obtained with and without 
speed reduction constraints indicates that, in the vicinity 
of the berth, simulations without speed reduction result in 
the ship approaching the berth within the ‘Amber’ region, 
which poses a significant risk to ship handling. Moreover, 
as observed in Fig. 15, the absence of speed constraints can 
result in the ship decelerating to critically low speeds, ren-
dering it incapable of effectively countering external dis-
turbances. This condition poses a significant collision risk, 
particularly when the ship is in proximity to obstacles with 
limited time and space to accelerate and execute collision 
avoidance maneuvers. Therefore, while insufficient decelera-
tion is not the sole factor leading to loss of control, incorpo-
rating speed reduction criteria in trajectory optimization is 
crucial and is guaranteed to enhance berthing safety. More-
over, accounting for actuator limitations during trajectory 
optimization introduces a buffer margin, enabling the system 
to counteract unknown disturbances while maintaining the 
ability to trace the generated trajectories.

In the grid-based feasibility study, the distribution of 
feasible cases was observed across the port geometry, with 
a higher concentration of feasible cases observed further 
from the port wall. This outcome is expected, as the collision 
avoidance constraints are more readily satisfied in regions 
with fewer spatial limitations. On the other hand, the num-
ber of feasible cases significantly decreased when the initial 
positions were closer to the port wall, where the collision 
risk was inherently higher. Additionally, when speed reduc-
tion constraints were incorporated, the number of feasible 
cases decreased, as the speed reduction criteria required 
substantial deceleration and initial speeds that satisfied the 
speed constraints. This added constraint made it more chal-
lenging to satisfy the optimization conditions. Further, in the 
feasibility study utilizing stochastic initial conditions, only 
50% of the cases were initially feasible. However, significant 
improvements in feasibility were observed following three 
recomputations for the initially infeasible cases, ultimately 
achieving a 75% feasibility rate. The infeasibility rate can be 
partially attributed to practically unrealistic initial positions 
and headings. Nonetheless, the outcomes of the feasibility 
study highlight the planner’s capability to generate practi-
cally viable solutions across a wide range of diverse initial 
conditions, demonstrating its adaptability and reliability in 
varying scenarios.

Despite these promising results, the proposed trajectory 
planner has certain limitations. The utilization of a simple 
linear guess to initialize the SQP may be insufficient in a 
complex port geometry or in the presence of wind gusts 
and dynamic obstacles commonly encountered in harbor 
settings, such as moving ships or floating debris. This situa-
tion may require the introduction of strategically determined 
waypoints, whereby the linear guess used to initialize the 
SQP is constructed from a sequence of linear interpola-
tions of state variables between consecutive waypoints, as 
opposed to interpolating directly between the initial and 
terminal states, as demonstrated in the current study. It is 
anticipated that the proposed planner will remain capable of 
generating feasible solutions in this context. Evaluating the 
performance of the proposed planner in such complex sce-
narios, and considering wind gusts is part of future research.

Additionally, from the feasibility study, it was observed 
that changing only the control input guess during recomputa-
tion may not adequately improve the overall feasibility. This 
necessitates the exploration of alternative strategies, such 
as modifying the initial heading or speed relative to wind 
direction, given the well-established influence of prevail-
ing wind speed and direction on the ship’s trajectory [27], 
heading [48], and speed [49]. Furthermore, the initial control 
guess was derived through trial and error. Future research 
will focus on deriving the initial control guess from actual 
ship data, which is expected to substantially improve the 
algorithm’s performance by providing more accurate and 
realistic initialization for the SQP.

Moreover, although the computation time required for 
most cases was less than 300 s, the introduction of recom-
putation significantly increased the computation time to as 
high as 5000 s in some cases. This increase in computational 
burden, while addressing infeasibility, may pose challenges 
in real-time applications. Future work will include further 
refinement of the proposed trajectory planner to enhance its 
robustness and adaptability in practical applications.

5  Conclusion

In summary, this study presented a robust trajectory planner 
tailored for the autonomous berthing process, with a primary 
focus on enhancing safety. In addition to ensuring compli-
ance with regulatory requirements, the implemented speed 
reduction criterion was shown to improve berthing safety 
and facilitate a controlled approach to the berth. The incor-
poration of a rate of change and artificial limitations on the 
actuators accounted for their physical constraints, thereby 
reinforcing the planner’s viability for practical applications. 
Moreover, the utilization of a ship domain to define collision 
avoidance constraints increased the safety clearance margin, 
significantly reducing the likelihood of collisions with port 
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structures. Finally, the feasibility study demonstrated that 
the proposed trajectory planner was not only theoretically 
sound but also practically applicable.
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