IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

Received March 12, 2022, accepted March 29, 2022, date of publication April 4, 2022, date of current version April 8, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3164422

PE-A* Algorithm for Ship Route Planning

Based on Field Theory

YIHUA LIU“, TING WANG", AND HONGZHI XU?
"Merchant Marine College, Shanghai Maritime University, Shanghai 200000, China
2Shandong Shipping Corporation, Qingdao 266000, China

Corresponding author: Yihua Liu (liuyh@shmtu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 51509151, in part by the Shandong
Province Key Research and Development Project under Grant 2019JZZY 020713, in part by the Shanghai Commission of Science and
Technology Project under Grant 21DZ1201004, and in part by the Anhui Provincial Department of Transportation Project under

Grant 2021-KJQD-011.

ABSTRACT Route planning is the key to safe, efficient and intelligent navigation of maritime traffic.
Autonomous route planning is a complex optimization problem, which requires both global route planning
and local collision avoidance. In this paper, we propose an optimization algorithm which can consider both
global route planning and local collision avoidance. Firstly, nonlinear constraint optimization models of
obstacle limitation, safe water depth limitation and ship steering limitation are established. Then, the PE-
A* algorithm and route planning framework are proposed by using potential energy field to accurately
express the environment. Finally, the safety and feasibility of the route planned by PE-A* algorithm are
discussed through simulation experiments. Simulation results show that PE-A* algorithm can realize both
global route planning and local collision avoidance, and the safety and feasibility of the planned route are
greatly improved. From the perspective of potential energy, this work proposes an automatic route planning
algorithm and establishes a flexible mathematical model, which can add fuel consumption, time and other
related engineering requirements into the model to plan the optimal route meeting the requirements.

INDEX TERMS Ship, potential energy, A* algorithm, route planning.

I. INTRODUCTION

With the development of intelligent transportation indus-
try, sea, land and air are developing to the direction of
autonomous driving, its four cores: positioning, perception,
planning and decision-making, path planning has been one
of the key issues of autonomous driving. According to
the starting point, destination and known environmental
information, we shall perceive the dynamic environmental
information around, plan the initial path and navigation
decisions. According to the motion characteristics of different
vehicles, road traffic belongs to two dimensions, aviation
belongs to three dimensions, and water traffic is between
them. Ship route planning must consider ship maneuvering
restrictions, complex marine environment, and traffic related
dynamic information. Excellent route planning algorithms
need to take into account both global route planning and local
dynamic obstacle avoidance, so as to achieve the true sense
of automatic ship route planning.
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Automatic ship route planning needs to solve two major
problems [1]: (1) global route planning: route planning is
carried out in a known static environment. (2) Local dynamic
collision avoidance: it is necessary to collect the information
of the surrounding dynamic environment in real time through
sensors, obtain the position of the current position map and
the distribution of local obstacles for local dynamic collision
avoidance. The ship navigates in the global planned route
and avoids local obstacles when encountering new dynamic
obstacles. Instead, follow the planned route.

A. GLOBAL ROUTE PLANNING

In the aspect of global route planning, many researchers
have studied from different angles and achieved good results.
At present, ships are installed with AIS equipment, a large
amount of AIS data contains historical navigation informa-
tion, Zhang et al.. An automatic path design method based
on Simple Round Unit (SRU) and Automatic Identification
System (AIS) data is proposed. The relationship between
ship routes is extracted using AIS tracking data to generate
ship routes and speed [2]. However, this method relies on
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the quantity and quality of AIS data, it is difficult to obtain
the optimal route for areas with less AIS data or poor AIS
data quality. Machine learning algorithm can train better
experimental data sets to improve the accuracy of ship fuel
consumption prediction. Some scholars have applied it to
global route planning, Bui-Duy ef al.. Based on the deep
machine learning method to estimate the fuel consumption
model of the shipping line, the hybrid machine learning
technology is constructed to predict the fuel consumption of
ships and plan the optimal route that meets the expectation
of minimizing the fuel cost of shipping companies [3]. Wen
et al.. DBSCAN algorithm was used to identify key areas,
these areas were automatically connected through clustering
similarity measurement. Artificial neural network learned the
relationship between turning areas under different ship sizes
and planned reasonable routes [4].

Shipping companies need to consider many factors in
global route planning, such as fuel consumption, safety,
route length, route time and so on. A new evolutionary
multi-objective optimization method based on tradeoff was
proposed by Szlapczynska et al., which used configurable
weight interval to assign to all targets. Under the premise
of taking dynamic weather conditions into consideration, the
optimal route is designed in terms of time, fuel consumption,
crew and cargo safety [5]. Chuang et al.. Proposed a fuzzy
genetic algorithm suitable for liner transportation planning,
which could not only consider the market demand, shipping
and berthing time of container ships at the same time, but also
find the most appropriate container ship route [6]. However,
the calculation result depends on the value of weight, and it
is always a difficult problem to select the right weight.

Many route planning algorithms have better results in
some aspects, but also have shortcomings. For example, ant
colony algorithm has strong robustness, but may fall into
local optimal solution. Genetic algorithm has fast random
search ability and good robustness, but the calculation results
are dependent on the selection of initial population. A*
algorithm is a heuristic search algorithm, which can get
results quickly, but it depends on the construction of the
environmental accuracy. When the environmental accuracy
is poor, the planned route is often not feasible. Some
scholars improved the above algorithm and the improved
algorithm obtained better results. Liang et al.. Proposed the
leader-Vertex Ant Colony Optimization (LVACO) algorithm,
which ensures the leader of the ant colony and uses the
vertex method to optimize the path. The path planned by
LVACO has fewer unnecessary path points and is more
suitable for navigation [7]. Lan et al.. Proposed an improved
path planning algorithm integrating A-Star algorithm and
ant colony algorithm, which solved the problems of slow
convergence, large number of iterations and long search time
of ant colony algorithm in robot global path planning and the
problem that ant colony algorithm is easy to fall into local
optimization in complex environment [8]. Li et al.. Proposed
a multi-direction A* algorithm to reduce the number of
search nodes, further shorten the search path, and make AUV
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3D path planning efficient and real-time [9]. Han ez al..
introduced a meta-heuristic Whale Optimization Algorithm
(WOA), which can help ships find safe routes with low energy
consumption in large and complex ocean environments [10].

Planning the optimal route requires the formation of an
accurate environment. Raster map storage environment has a
small space occupancy rate, but the accuracy of environment
description is poor. Wang et al.. Proposed a global path
planning framework based on hybrid mapping. Calculate the
global path from the scene diagram, map the path to the lower
level and generate the geometric path. Since the high level is
generated by the low level, the global path can provide strong
guidance for the calculation of measurement paths [11].
Xie et al.. Proposed a 2.5D navigation graph method for mod-
eling the walking domain and an improved A* algorithm for
path planning of large ships in 3D virtual environment, which
can better solve the problem of path planning of ships in
3D VE [12].

As can be seen from the above research results, some
scholars have achieved good research results on global
route planning from different perspectives, such as mining
navigation information through AIS data, optimizing route
planning algorithms, and constructing mathematical models
for optimal route planning.

B. LOCAL DYNAMIC COLLISION AVOIDANCE

The cause of ship collision is that the distance between
ships and obstacles is too close. Ship collision avoidance
can be achieved by changing course and changing speed.
Zhang et al.. proposed the idea of changing speed to
avoid collision, which not only avoids blind obedience to
COLREGS rules, but also reduces deviation from planned
route [13]. Liu et al.. The collision avoidance trajectory
of ships based on models is closer to the target ship than
that without models, and the DCPA value is significantly
smaller after models are added. The research results are
in line with the minimum DCPA and TCPA of the actual
situation to ensure that the ship takes avoidance measures in
advance [14].

Local collision avoidance is a micro level operation,
which requires high precision of environment construction.
Xie et al.. Proposed A multi-direction A* algorithm, which
iteratively searched for the optimal neighbor nodes, avoided
the merger between adjacent obstacles, improved the reso-
lution of the grid, and greatly improved the efficiency of
local route planning. This algorithm avoids the disadvantage
that rasterization of environment leads to the reduction of
feasible water area, but it does not consider whether ships can
navigate safely in narrow space [15]. Based on the dynamic
path planning model proposed by Li et al.. ABC algorithm is
applied to the path optimization of invading submarine. This
method is a feasible approach to submarine search evasive
path planning. However, this algorithm considers local
collision avoidance in 2D environment without considering
the draft requirements of actual ships, so it is difficult to
apply this algorithm to autonomous collision avoidance of
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ships [16]. Su et al.. Studied a collision avoidance method
which takes into account the steering difficulty and large
inertia of large ships. Considering ship maneuverability,
the ship risk model is established and collision avoidance
decision is given according to COLREGS. This method is
suitable for large ships in development waters and has high
accuracy and reliability [17].

Local collision avoidance needs to be judged quickly
and has high requirements on the calculation speed of the
algorithm. Some scholars have improved the algorithm so that
it can get the local collision avoidance path quickly. Liu et al..
Combined the improved bacterial foraging algorithm with
the particle swarm optimization algorithm with strong global
search ability and fast local convergence ability and applied
it to ship collision avoidance path optimization. The hybrid
optimization algorithm could get collision avoidance path
quickly [18]. By modeling the dynamic domain of ships,
areasonable and effective ship automatic collision avoidance
decision system was established by Xu et al.. Collision
was simulated to evaluate the performance of the proposed
formula [19].

Before the local collision avoidance operation, the ship
should be able to obtain the collision avoidance decision
quickly, and return to the global route with a good attitude
after the operation. Yu et al.. Proposed a fast decision- making
method for ship collision avoidance diversion. In order
to reduce the number of calculation targets, a clustering
analysis method is introduced, the voyage loss is taken as the
objective function and a deterministic optimization algorithm
is adopted to quickly obtain the optimal collision avoidance
rerouting decision in the global scope. This method enables
ships to quickly avoid local obstacles and greatly reduces the
risk of ship collision [20]. Shi et al.. Used the recovery path
planning algorithm based on Dubins Curve. The recovery
path given by the algorithm can make the AUV navigate
underwater along the smooth curvature trajectory and safely
enter the recovery platform from the specified position with
the desired attitude [21].

Many scholars also made great contributions to ship
collision avoidance system, Jincan et al.. Collision avoidance
warning system for ships based on ECDIS and AIS [22].
Chen et al.. Proposed an artificial position field method
suitable for unmanned ships. Its main contributions include
potential field analysis and collision avoidance controller
design in an environment with obstacles [23]. Namgung et al.
Proposed a MASS collision risk reasoning system that con-
forms to COLREGS key rules for collision avoidance. The
system takes into account all important variables in collision
avoidance guidelines that comply with COLREGs rules,
thus improving the timing and location of potential collision
warnings. Thus, providing more decision-making time for
taking necessary anti-collision measures [24]. Wang et al..
Proposed a new collision avoidance decision system for
autonomous ships. According to the latest information, the
system outputs collision avoidance decision at a certain
frequency, which is suitable for practical ship application.
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Front end and back end are two main components of the
system. The front end provides preliminary information
and the back end generates collision avoidance decisions.
Robustness and effectiveness of the collision avoidance
decision system in various marine scenarios [25].

C. TAKE INTO ACCOUNT DYNAMIC AND STATIC
PLANNING
At present, only a few algorithms can realize global route
planning and local dynamic collision avoidance at the same
time. To realize truly autonomous route planning and further
promote the automatic navigation of ships, route planning
algorithm must consider both global planning and local
collision avoidance. Zhang et al.. Proposed a dynamic path
planning method for underwater unmanned vehicle (UUV)
in global uncertain environment based on sonar detection
data. This method is time-consuming for dynamic planning,
and can well meet the real-time requirements in complex
and unknown dynamic environment [26]. Tian et al..
Proposed an incremental PID algorithm for ship automatic
heading control. It allows the ship to avoid collisions with
moving and static targets. Studies show that the multi-
ship collision avoidance concept based on speed obstacle is
effective and can provide support for the automatic collision
avoidance system of ships [27]. Wang et al.. proposed the
ultimate optimization of A* (FO a*) algorithm for USV
automatic route planning, and designed a nonlinear tracking
controller to ensure ship navigation on the route. The
algorithm and nonlinear tracking controller are effective and
deterministic for offline path planning [28]. Wang et al..
proposed a quadratic optimization genetic algorithm based
on ship motion characteristics. Considering the constraints
of ship maneuvering characteristics, an efficient and feasible
dynamic ship route planning solution is realized for the
complex problem of integrated collision avoidance planning
under static and dynamic obstacles [29]. All the above
algorithms can avoid dynamic and static obstacles well, but
are mainly carried out from the Angle of collision avoidance,
lacking the route planning from the macro-Angle. From
the global point of view, the routes planned by the above
algorithms are not optimal, and most algorithms still choose
different algorithms in global planning and local collision
avoidance, without realizing the unification of algorithms.
According to the literature review, autonomous route
planning can be regarded as an optimization problem. There
are still some problems that need to be improved:

(1) traditional airline planning cannot give consideration to
both global airline planning and local dynamic collision
avoidance, so autonomous airline planning in a real sense
cannot be achieved.

(2) Route planning has high requirements on environmental
description. Global route planning has a large environ-
mental description range and low accuracy requirements,
while local dynamic obstacle avoidance has a small
environmental description range and high accuracy
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requirements. It is one of the difficulties to describe the
global and local environment reasonably, which directly
affects the feasibility of the planned route.

(3) The conventional mathematical model of route plan-
ning considers few limiting factors, so it is neces-
sary to establish a flexible model to meet different
needs.

Construction of potential Construction of dynamic
energy field in route obstacle potential energy
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FIGURE 1. The structure of the present paper.

The structure of the paper is shown in Fig. 1. The PE-A*
algorithm is proposed in this paper to realize the independent
planning of ship routes. Firstly, the mathematical description
of route planning is carried out, and the mathematical
model of route planning is established considering obstacle
restriction, safe water depth restriction and ship turning
restriction. Secondly, potential energy field is used to describe
ship route environment. Finally, A PE-A* algorithm is
proposed which takes into account both global route planning
and local dynamic obstacle avoidance. From the perspective
of the theory, the whole process of navigation of ships, with
traction potential energy field and safety potential energy
field covers navigation area, the environment on the influence
of the navigation of ships is converted to potential energy
field of the ship, the influence of safety potential value as
A scalar superposition, it guarantees the dynamic description
of navigation environment, makes the PE - A * algorithm to
two or more things global route planning and local dynamic
collision avoidance.

This paper is organized as follows. The second section
describes the ship route mathematically. In the third section,
the concept of field theory is introduced in detail, the potential
energy field and collision potential energy definition in the
water area of route planning are established. In the fourth
section, a mathematical model of route planning considering
obstacle restriction, safe water depth restriction and ship
turning restriction is established. The fifth section, introduces
PE-A* algorithm and route planning in detail. The sixth
section, the route generation process is described in detail
through experiments to verify the safety and feasibility of the
route planned by PE-A* algorithm. The seventh section is the
summary of the whole paper.
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Il. MATH GEOMETRIC DESCRIPITION OF SHIP ROUTE
The ship route is a directional, collision-free path that
connects the origin and destination. From the perspective of
geometry and mathematics, a line segment is the cumulative
representation of a series of points in space. Similarly, the
route is presented by the accumulation of time and space of
every position that a ship passes through during its voyage.
Because there are too many ship position points on the
route, the position points requiring ship turning operation
are selected as path planning nodes. The mathematical
expression is as follows:

P={P\,Py,---P;--- PN}
Pi = (xi, yi) (H
ie[l,N]

P path point set, P; is the i path point, where P is the origin
and Py is the destination.
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FIGURE 2. Diagram of ship route explanation.

As shown in Fig. 2, there are obstacles between the origin
po and the destination py that the ship cannot reach directly.
The gray part is obstacle and the planned path is shown in
Fig. 2. 6; is the first turning Angle of the planned route, Ly
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is the k road section, —> is the navigation direction of the K
ey

section.

Ill. FIELD THEORY

In road traffic, Ni. D uses field theory to describe the vehicle

driving environment, and has obtained some research results.

Microscopic traffic flow model based on potential energy

field theory can well represent the driving risks faced by

vehicles in the process of driving [29]-[31]. Similarly, this
theory can accurately describe the shipping route planning
waters from the macro and micro perspectives.

The field theory is used to analyze the whole sailing
process of a ship: the essence of a ship sailing on the
sea is that the time and space state of the ship’s position
changes, the ship’s position changes at different times and the
environmental state of the same position changes at different
times.

(1) Macro Angle: the ship is always sailing towards the
destination, so there is a traction potential field between
the destination and the ship, which constantly pulls the
ship to the destination and avoids aimless sailing on the
water surface.

(2) Microscopic Angle: Collision with obstacles bring great
losses, so obstacles need to be avoided during navigation.
Therefore, there is a safety potential energy field between
ships and obstacles, which guides ships to go to safe areas
to avoid obstacles.

A. TRACTION OTENTIAL FIELD
There is a traction potential energy field between the origin
and the destination, so the ship is always affected by
the traction potential energy field before arriving at the
destination. The zero potential energy point of the traction
potential energy field is the destination Ef (destination) =
0 and the traction potential energy value of the origin
is Ey(origin) = 1. The traction potential energy value of
different points is different. When the ship does not arrive
at the destination, there is a traction potential difference
between the ship position and the destination, the ship will
move. On the contrary, the ship will not move.

The traction potential energy function at any point P is as
follows:

2 2
\/(xP —Xdestination)” + (.)’P —Ydestination)

Ef (xp, yp)=

\/ (Xorigin — Xdestination)” -+ Oorigin — Ydestination)*

&)

The potential energy difference function of any two points
p1 and p» is as follows:

AEy (p1,p2) = E; (xp1, yp1) —Ef (xp2, yP2) (6)

Potential energy difference direction from high potential
energy point to low potential energy point:

(Xit1 — Xis Yit1 — Vi)

\/(xi+1 —x)? 4+ Qi —2i)?

(N

—_ —
AEf(P1,P2)
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TABLE 1. Traction potential field.

Potential energy

point Potential energy value difference
A E:(xp,, =1 —| =
(origin) f( P2 Yp2) |AEf(P1'B)| lAEf(Pz.B)‘
—_—F —
Py Ef(xp1,¥p1) AEf(P1B) © AEf(P2B)

— \/(xPl - xB)Z + (yPl - yB)z |AEf(P2A)| i |AEf(P2,B)‘
Ja = %)%+ (a — y5)?
P, Ef(xp2, Yp2)

V Gep2—x8)*+(yp2—yB)*
V@a—xp)*+(a=yp)?

B Ef(x5,y5) =0
(destination)

— =
AEf(P2,A)  AEf(Py,B)

—e— origin

—e— destination

3 eyued

worpanp s B

FIGURE 3. Diagram of traction potential energy field interpretation.

As shown in Fig. 3, A is the origin and B is the destination,
p1 and p; are the position points of navigation waters between
two points. The traction potential energy values at point A,
B, p1 and p; are shown in Table 1: The traction potential
energy value at point A is 1, and the potential energy value at
point B is 0. The potential energy difference between points
p1 and B and between points p, and B is equal with different
directions. The potential energy difference between A and p»
and between p, and B is different but in the same direction.

B. SAFE POTENTIAL IELD

Obstacles affect the navigation of ships, so ships need to
avoid obstacles to ensure navigation safety. The safe potential
energy field of ship is established by field theory, and the
influence of obstacles on ship navigation is reflected by
the safe potential energy field. The influence of different
positions of obstacles on the safety of ship navigation is
directly reflected in different safety potential energy values.
The function model is:

b _a=xp? _ -yp)?
202 202
Ey(x,y) = —e wt b ®)
2no xtOyt

where Ej (x, y) represents the safety potential energy value
of point (x, y), the position of the center point of the obstacle
at t time of (x;, y;), E, (x;, y;) is the safety potential energy
value of the center point of the obstacle at ¢ time, o, and
oy represent the X-axis and Y-axis influence radius of the
obstacle in the horizontal plane region at time t, and b is the
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parameter adjustment coefficient between the function value
and the actual elevation data of the obstacle.

Point &

L] 0.0
L] z Destination
Origin

anfea 4F1aUa EHUS10]

1904 2000 1000
3000
X 4000 L

FIGURE 4. Schematic diagram of safe potential energy field
interpretation.

The safe potential energy model of a single obstacle is
shown in Fig. 4, the horizontal plane is the zero safe potential
energy surface, point A is the center point of the obstacle,
Eo (x4, ya) > Eo (xp, yp). The single obstacle safety potential
energy field is superimposed to obtain the safety potential
energy field of sailing waters.

C. POTENTIAL NERGY DEFINITION OF COLLISION

The essence of ship collision is that the distance between
ship and obstacle is less than the safe distance. From the
point of view of field theory, the other ship is an obstacle
to our ship, in the same way our ship is an obstacle to
the other ship, so there are safety potential energy fields of
both our ship and other ship. The potential energy field is
changing as my ship moves with it. The minimum potential
energy of the cross section o between the center point of the
safety potential energy field of our ship p,1 = (X1, Yo1)
and the center point of the safety potential energy field of
other ship po2 = (%02, Y02) 18 Eo (Xmin> Ymin). When the
minimum potential energy is less than the safety potential
energy threshold, collision occurs. Otherwise, there is no
collision. The safe potential energy threshold is determined
according to the ship’s draft and other relevant information.
The collision function model is:

Pol = (Xo1, Yo1)
Po2 = (Xo2, Yo2) 9
Ey (Xmins Ymin) > Esafe

Ey (Xmin, Ymin) 1s the minimum safe potential energy value
of potential energy field section «, Eyy represents the safe
potential energy threshold.

As shown in Fig. 5 and Fig. 6, ships A, B and C have
the same specifications, and ship D is smaller than ships A,
B and C. When A ship is the main body, the other three ships
are obstacles. Take the horizontal plane as the zero potential
energy surface Eyqer = 0, safety threshold Egp = —8,
establish the safe potential energy field of the ship A, B,
C, D. By the safety potential energy equipotential graph can
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FIGURE 5. Schematic diagram of potential energy definition of collision.

FIGURE 6. Section diagram of collision potential energy field.

be concluded that the ship A, B, C, D relative location and
the distribution of the potential energy, the parts in red solid
line is zero potential energy surface, red dashed part safe
potential energy threshold line. It can be obtained from the
safety equipotential line diagram and potential energy section
diagram:

(1) Collison: It can be obtained from Fig. 6 that
minEq1 Xmin, Ymin) > Esqfe can be obtained from the
potential energy section Al between ship A and ship B.
It can be seen that the safety equipotential line, lines of
ship A and ship B blend. minEy3 (Xmin, Ymin) > Esqfe can
be obtained from the potential energy section a3 between
ships C and D. Combined with the Fig. 5, it can be seen
that the safety equipotential line, lines of ships C and
D are fused. Ships A and B are in the same type ship
collision state, while ships C and D are in different type
ship collision state.

(2) No Collision: It can be obtained from Fig. 6 that
minEq (Xmin, Ymin) > Egqfe can be obtained from the
potential energy section a2 between ships A and C. It can
be seen that the safety Equipotential line, lines of ships
A and C do not intersect. minEq4 (Xmin, Ymin) > Esafe can
be obtained from the potential energy section a4 between
ships B and D. Combined with the Fig. 5, it can be seen
that the safety equipotential line, lines of ships B and D
do not intersect. Ships A and C are in the same type of
ship without collision, and ships B and D are in different
type of ship without collision.

IV. MATHEMATICAL MODEL
A. OBSTRUCTION RESTRICTION

Collisions are costly, Ships must steer clear of obstacles.
When the safety potential energy value of the ship’s position
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is lower than the safety potential energy threshold, there is no
collision. On the contrary, there is collision. The model is:

E, (xmin»)’min) < Egafe (10)

Eo (Xmins Ymin) 1s the minimum safe potential energy value
of the section o of the safe potential energy field, Egp
represents the threshold of the ship’s safe potential energy.

B. WATER DEPTH LIMIT

The relationship between the navigational water depth and
the ship’s safe water depth requirements for ships should be
considered. When the navigational water depth is greater than
the safe water depth requirements, the vessel may navigate in
such waters. On the contrary, the ship cannot navigate in the
waters. The model is:

H(x,y) =D (11

H (x, y) represents the water depth of navigational waters, D
represents safe water depth requirements for ships.

C. STEERING ANGLE CONSTRAINT

Due to the mechanical limitations of the ship itself, it is
impossible to make emergency turning, the ship has the
maximum turning constraint 6y,,,. The turning should be
considered in route planning, which is also directly reflected
in the turning Angle of the path node. The model is:

i < Omax (12)

0; refers to the steering of the i-th route, and 6y, refers to the
maximum steering constraint of the ship.

D. THE OBJECTIVE FUNCTION

In the traction potential energy field, the ship keeps sailing
towards the destination (zero potential energy point). In the
safety potential energy field, ships always sail at the position
with a small safety potential energy value in order to avoid
danger. In summary, under the joint influence of the traction
potential energy field and the safety potential energy field,
ships find the collision-free path to reach the end point,
namely the path of the minimum safety potential energy. The
objective function is:

minE, (P;) (13)

To sum up, the route planning model are shown in the Table 2:

V. PATH IS GENERATED

A. PE-A* ALGORITHM

Potential energy can be used to digitally describe the
environment and has the advantage of being precise. A*
algorithm is A mature heuristic search algorithm, widely
used in path planning, its outstanding advantage is that
directional search can quickly calculate results and the results
are accurate. The PE-A* algorithm is obtained by combining
potential energy with A* algorithm. Based on the accurate
description of obstacles by potential energy field, PE-A
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TABLE 2. Summary table of mathematical model.

expression remarks
variable P = {p1 . Py ...pi...pN} Ship planning route point
set
The Eq. (13) Minimum safe potential
objective energy path
function
Limiting Eq. (10) Steer clear of obstacles
conditions Eq. (11) The shipping route must
meet the requirements of
safe sailing water depth
Eq. (12) Inflection point of route
should meet the ship's
own turning limit

*

algorithm can quickly plan the optimal route. PE-A*
algorithm is mainly divided into three steps:

(1) environment construction
(2) environment search
(3) route generation

™ s i i i s s
0 T S (P P (M (S TS
10 ' 68 120 58 129 48| -138 3 -148 30 158 20 -168 10
-10 10 =9 -8 ‘s =Y. 10 10 10
1
0 T < -
4w .
10 o < < ol
' p 5 [
ey ]
0 o 5 - - 5 E T g
o 1 AL -10 Flag g
7
-0 o s 5 - <5 | G 154 20 H
w4 §
178 -178 3
0 Oty 10 5 - - 5 8
P g
am
0 LY 0 - 5
4 -
,‘,s -
| D— <10 -10 k] &
T
—— origin
< -0 -0 - - - 1 —— destination

FIGURE 7. PE-A* algorithm operation diagram.

As shown in Fig. 7, the traction potential energy field
between the origin and the destination is established and the
obstacle is covered by the safety potential energy field. The
value in the center of the grid represents the safety potential
energy value E, (p) of grid P, open-set represents the nodes
to be traversed and close-set represents the nodes that have
been traversed. The heuristic function is shown in Ep. (14).
Grid P: “Flag = E(P)” is the safe potential energy value of
the gridis —10, “G = —154" is the safe potential energy sum
of the path node from the starting point to the p point, “H
= —20” is the minimum safe potential energy sum from the
point to the destination, “F = —174" is the moving cost of the
point. Search path from the starting point, to judge whether
the current traction potential energy from the grid points to 0,
when traction potential energy values are not zero to search,
search direction for up, down, left, right, select search squares
in the F value minimum grid as the next path nodes, repeat the
process, until the grid search traction potential value of 0 to
the finish, the arrow is the path.

G:/ Flagd(close — set)

H=E (P) +2E(end) .

\2/(xp +xend)2 + Op +.Vend)2
(14)
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B. DYNAMIC PROGRAMMING REGULATION

The minimum potential energy path nodes obtained by PE-
A* algorithm can reflect the trend of the overall minimum
potential energy path, but the overall path has too many
nodes. According to the theorem ‘‘the sum of both sides of
the triangle is greater than the third side,” the path can be
further simplified and the main path nodes can be selected.
The mathematical model:

’—>)<|—>|+|—>| (15)
a li i1

FIGURE 8. Schematic diagram of route node dynamic planning.

As shown in Fig. 8, sectionsL; and L, are optimized
to L3, and sections L4 and Ls are optimized to Lg. The
steering angles C; of original sections L; and L, and C; of
original sections L4 and Ls do not conform to the steering
maneuvering limits of ships, while the steering angles C3
of optimized sections L3 and L4 conform to the steering
maneuvering limits of ships.

C. ROUTE PLANNING FRAMEWORK

As mentioned above, the route planning process based on PE-
A* algorithm is as follows:

(1) Obtain relevant information: ship type information,
longitude and latitude of origin and destination, elevation
information of water area in route planning;

(2) According to the origin and destination, the traction
potential energy field of the waterway planning area is
established;

(3) The safety potential energy field of the ship is established
according to the ship type information, and the safety
potential energy threshold is determined according to the
ship type information;

(4) By means of interpolating elevation data of navigational
waters, the terrain elevation data with uniform scatter
distribution is obtained, and the safety potential energy
field of navigational waters is established;

(5) On the basis of traction potential energy field and
safety potential energy field, PE-A* algorithm is used
to calculate the path node of minimum safety potential
energy path;
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(6) The path nodes of minimum safe potential energy are
dynamically programmed to obtain the global planned
route;

(7) In the course of sailing in the global planning route, the
ship needs to avoid collision locally when encountering
new obstacles. The safety potential energy field of the
new obstacles is established and superimposed to the
original safety potential energy field to obtain the latest
local safety potential energy field;

(8) Based on the traction potential energy field and the latest
local safety potential energy field, the PE-A* algorithm
is used in combination with the collision avoidance
operation requirements of Ship Collision Avoidance
Rules and the local obstacle avoidance path is obtained
on the basis of the global planning path.
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FIGURE 9. Flow chart of ship route planning based on PE-A * algorithm.

Fig. 9 shows the overall process. The calculations were
performed on a computer with 4GB of ram and a 2.6ghz Intel
Core I5 processor.

VI. CASE DESCRIPTION AND EXPERIMENTAL
VERIFICATION

The main objectives of the experiment: (1) Establish a
simulation experiment to describe the route planning process
of PE-A * algorithm in detail; (2) Establish a comparative
experiment to compare the results of A* algorithm and PE-A*
algorithm, and verify the safety of PE-A* algorithm results by
comparing the horizontal and vertical safety of the planned
airline; (3) According to the actual electronic chart data, use
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TABLE 3. Simulated ship information sheet.

TABLE 5. Table of traction potential field parameters.

The ship length L(m) 93
The ship width W(m) 15
The ship height H(m) 9
Ship turning restriction 8 5°~45°
Safe water depth D(m) 8
TABLE 4. Ship potential field parameter table.
X radius 0,,(m) Oy = é =46.5

Y radius o,,(m) Oy = % =75

Potential energy at the center E(x,y)=9

Safe potential energy threshold Egqpe=—D=—18

PE-A* algorithm to calculate the route from Yang Kou Port
S1 to Dafeng Port Dangerous Goods NO.4 anchorage, use
PE-A* algorithm to plan the global route, add new obstacles,
and use PE-A* algorithm again to plan the local obstacle
avoidance route. The compatibility of PE-A* algorithm in
global route planning and dynamic obstacle avoidance and
the feasibility of route planning are verified.

The overall design of the experiment: The experiment
consists of simulation experiment, contrast experiment and
simulation experiment. Firstly, the specific planning process
of PE-A* algorithm is described through simulation experi-
ment. Then, the control variable method is used to compare
the algorithm results in the comparison experiment, and the
safety of the route planned by A* algorithm and PE-A*
algorithm is discussed. Finally, combined with electronic
chart data, PE-A* algorithm is used to plan the global route
from Yang Kou port S1 to Dafeng Port dangerous goods NO.4
anchorage and dynamic obstacles are designed to plan local
collision avoidance paths.

A. SIMULATION EXPERIMENT

In this simulation experiment, the navigation area of
{40000m x 40000m} is established, origin, destination,
11 static obstacles and 1 dynamic obstacle are set within the
area, PE-A* algorithm is used to realize global route planning
and local collision avoidance.

1) CONSTRUCT OUR SHIP POTENTIAL ENERGY FIELD
Suppose the ship information of the simulation experiment
is shown in the Table 3, the ship potential energy field
is established according to the ship information, and the
potential energy parameters are shown in the Table 4:

2) CONSTRUCT TRACTION POTENTIAL ENERGY FIELD

As shown in the Table 5, the selected area of the simulation
experiment is {40000m x 40000m}, which is the origin
(0,0) and the destination (40000,40000) of the simulation
experiment. The larger the distance from the destination,
the greater the traction potential energy of the ship. On the
contrary, the smaller the traction potential energy of the ship.
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Point P (xp, xp)
Origin (xorigin' YOrigin) = (010)
destination (xdestinationl ydestination) = (40000140000)

TABLE 6. Table of safe potential energy parameters of obstacles.

Obstacle Potential Center point Xradius Y radius
number energy at coordinates 0 (M) (M)
the center

1 10 (5000, 30000) 2500 2500
2 20 (10000,6000) 1500 1000
3 2 (10000,17000) 10000 10500
4 25 (7000,8000) 2700 2900
5 24 (15000,20000) 2300 2400
6 39 (36000,19000) 2800 2300
7 25 (20000,20000) 2500 2000
8 -25 (20000,10000) 30000 30000
9 15 (30000,31000) 2500 3000
10 25 (25000,9000) 2200 1900
11 37 (30000,38000) 2600 2200

3) CONSTRUCT A SAFE POTENTIAL ENERGY FIELD
Obstacles have a hindering effect on ship navigation. This
simulation experiment designed 11 to simulate obstacles
and establish the safety potential energy field of obstacles.
At different positions of the ship’s safe potential energy field,
the safe potential energy value of this point reflects the sailing
risk of the ship at this point, as shown in FIG. 9: The darker
the color is, the higher the safe potential energy value of this
point is, and the greater the sailing risk is. On the contrary,
the lower, the less navigation risk. The obstacle informa-
tion selected in this simulation experiment is shown the
Table 6:

4) DIVISION OF NAVIGABLE WATERS

According to my ship model of potential energy available,
ship safety potential value Egyp = —8, combined with
the safety potential energy field, the navigable waters of
simulation with navigation area are differentiated, as shown
in Fig. 10: red scatter distribution areas are safety potential
energy greater than the threshold, the potential energy is not
sailing area, ship can collide in the area. Otherwise, ship can
safely navigate in the area.

5) GLOBAL ROUTE PLANNING

Under the joint influence of traction potential energy field
and safety potential energy field, PE-A * algorithm is used
to search with step size of 2000m, the minimum safety
potential energy path node is obtained. Based on the route
node of the minimum safe potential energy and combined
with the ship turning restriction, dynamic planning is carried
out to select the main route nodes in the global planning.
The global planning route nodes are shown in the Table 7,
the global planning route nodes are shown in green route
in Fig. 10:
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FIGURE 10. Schematic diagram of simulated experimental route planning.

TABLE 7. Plan route nodes globally.

M;tl;‘ [[40000, 40000], [34000, 26000], [28000, 24000], [28000,
fo " 140001, [34000, 80001, [34000, 20001, [26000, 0], [0, 0]]

TABLE 8. Local dynamic collision avoidance node.

Maatll‘l’ [[40000, 40000], [34000, 26000], [28000, 24000], [28000,
So o 160007, [34000, 100007, [34000, 20001, [26000, 0], [0, 0]]

6) LOCAL DYNAMIC COLLISION AVOIDANCE

Set the dynamic obstacle as the ship of the same type as our
ship. When our ship sailing along the global path planning
to this position, the two ships formed an encounter situation.
Black arrow shows this ship’s sailing direction, red arrow
shows ship sailing direction for me. In order to overtake
the vessel, our ship shall take collision avoidance action
according to the regulations of collision avoidance. Firstly,
according to the relevant information of the new obstacle,
the safety potential energy field of the dynamic obstacle
is established, which is superimposed with the original
safety potential energy field to obtain the updated hindrance
potential energy field. Then, the pe-A * algorithm is used
to search the updated safe potential energy field with a step
length of 50 m, and the local minimum safe potential energy
path node is obtained. Finally, the local obstacle avoidance
route is obtained by dynamic programming based on the
local minimum potential energy path node. Local obstacle
avoidance route nodes are shown in the Table 8, as shown in
Fig. 10: The red route is the local obstacle avoidance route.

B. COMPARATIVE EXPERIMENTS

The above simulation experiment environment is still
selected, and the control variable method is used to compare
the safety of the route planned by A* algorithm and PE-
A* algorithm. In the comparison experiment, the difference
between A* algorithm and PE-A* algorithm:

(1) Environment construction: A* algorithm often adopts
raster map, “Flag = 17 means that there are obstacles
in this grid, which is unnavigable point, “Flag = 0”
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TABLE 9. Route length table.

PE-A* algorithm for route
planning
80513.5

A* algorithm for route
planning
63830.6

Planned route
length

means that there are no obstacles in this grid, which is
navigable point; PE-A* algorithm uses potential energy
field to describe obstacles in detail “Flag = E”’, where
E > Eyy, is the unnavigable point, and vice versa.

(2) Heuristic function: A* algorithm heuristic function is:

G= /Flag d (close — set)
(16)

H = \2/()617 +xend)2 + (p +)’end)2

PE-A* algorithm heuristic function is:

G= / Flag d (close — set)

He E (P) +2E(end) .

\z/(xp +xend)2 + ()’p +)7end)2
a7

[ 5000 10000 15000 20000 25000 20000 35000 40000
X

FIGURE 11. Schematic diagram of comparing experimental route
planning.

As shown in Fig. 11, gray routes are planned by A*
algorithm, black routes are planned by PE-A* algorithm. The
length of routes is shown in the Table 9:

The safety evaluation basis of shipping route is as follows:
from the safety perspective of planning shipping route, it is
required not only to avoid obstacles in horizontal dimension,
but also to meet the longitudinal water depth of the ship’s
draft. The farther the distance between the planned route
and the unnavigable point in the horizontal dimension, the
higher the horizontal safety; The deeper the depth of the
planned waypoint in the longitudinal dimension, the higher
the longitudinal safety.

1) HORIZONTAL SECURITY

Horizontal safety: In the horizontal dimension, the smaller
the distance between the planned path and the nearest non-
navigable area, the higher the risk of collision and the lower
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TABLE 10. Horizontal safety gauge.

TABLE 11. Longitudinal safety gauge.

Distance A* Segment of PE-A* Segment

between algorithm A* algorithm of PE-A*

level and algorithm algorithm

unnavigable

point (m)
<100 1225.76 1.92% 0 0%
<200 12532.6 19.63% 0 0%
<300 37152.0 58.20% 0 0%
<400 46968.7 73.58% 1581.1 1.96%
<500 56633,7 88.73% 25128.7 31.21%
<600 60352.11 94.55% 36466.3 45.29%
<700 63830.6 100% 42417.7 52.68%

the horizontal safety; on the contrary, horizontal security is
higher.

120.00%
100.00%
80.00%
60.00%
40.00%

20.00%

0.00%

<100m <200m <300m <400m <500m <600m <700m
===/ * proportion of algorithm horizontal sections

=== PE-A * proportion of algorithm horizontal sections

FIGURE 12. Compare the horizontal safety line chart of the experimental
route.

As can be seen from the Table 10 and Fig. 12, the
proportion of planned route of A* algorithm increases rapidly
with the increase of distance from unnavigable points, while
that of PE-A* algorithm increases almost to zero before
<400m Segment growth, and then presents A rapid growth
trend. The segment with less than 400m distance between the
route planned by PE-A* algorithm and unnavigable points
accounts for only 1.96%, while the segment of A* algorithm
accounts for as much as 73.58%. In the <700m segment,
the route planned by PE-A* algorithm accounts for 52.68%,
while the segment planned by A* algorithm has reached
100%. In the horizontal dimension, the path obtained by PE-
A* algorithm is better than that obtained by A* algorithm.
The path is far from the unnavigable area, the ship has a larger
operating space in case of emergency. The horizontal safety
degree is as follows: PE-A* algorithm >>A* algorithm.

2) LONGITUDINAL SAFETY
Longitudinal safety: in longitudinal dimension, the smaller
the longitudinal water depth of the planned path, the higher
the risk of stranding or bottom collision, the lower the
longitudinal safety; on the contrary, longitudinal safety is
higher.

It can be seen from the Table 11 and Fig. 13 that
the proportion of sections with water depth <12m is 0%
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Vertical A¥* Segment of PE-A* Segment of
depth algorithm A* algorithm PE-A*
(m) algorithm algorithm
<12 0 0% 0 0%
<14 6355.73 9.96% 4123.10 5.12%
<16 20719.67 32.46% 9047.09 11.29%
<18 28573.2 44.76% 17319.60 21.51%
<20 44679.84 69.98% 20828.86 25.87%

80%
70%
60%
50%
40%
30%
20%
10%

0% —"
<12m <14m <16m <18m “30m

=g/ " proportion of longituclinal sections of algorithm

@== PE-A* proportion of longitudinal sections of algorithm

FIGURE 13. Compare the longitudinal safety line chart of the
experimental route.

according to PE-A* algorithm and A* algorithm. With the
increase of water depth, the proportion of road length of
PE-A* algorithm is less than that of A* algorithm. PE-A*
algorithm is less than A* algorithm in the trend of water depth
expansion. In the water depth <20m A* algorithm >>PE-
A* algorithm. Therefore, in the planning route of PE-A*
algorithm, the risk of ship grounding and other dangers is less,
and the longitudinal safety degree is: PE-A* algorithm >A*
algorithm.

Different from vehicles and airplanes, ships belong to
2.5-dimensional means of transportation, the influence of
horizontal navigation space and underwater navigation space
on ships needs to be considered simultaneously. Moreover,
the ship’s operation is delayed, requiring a larger safety space.
A* algorithm only considers the distance, and only considers
the sailing distance without considering the characteristics
of the ship’s navigation. For the ship, the planned route is
often not feasible. PE-A* algorithm of planning path in space
security greatly improves the feasibility.

C. SIMULATION EXPERMENT

Ships navigate in large open waters such as the Pacific Ocean,
the great circle route can meet the needs of ocean route
planning. Moreover, due to the large scope of international
ocean navigation, the visualization effect of the experimental
results of global route planning and local dynamic obstacle
avoidance is poor. Therefore, this experiment selects the
medium range area as the experimental object to verify
the practical feasibility of the algorithm and achieve good
visualization effect at the same time.
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TABLE 12. Ship potential field parameter table.

X radius o,,(m) Oyt = é =45

Y radius oy, (m) oy = % =6

Potential energy at the center E(x,y)=8
Safe potential energy threshold Egqpe=—D==7

The range of longitude [120.6, 122.4] and latitude [32.2,
33.9] is selected as the range of route planning. The origin is
Yang Kou Port S1 with coordinates [121.572,32.591] and the
destination is Dafeng Port Dangerous Goods NO.4 anchorage
with coordinates [120.906,33.203]. Due to the actual water
depth limitation of the region, the chemical vessel was used
as the experimental vessel.

Firstly, the ship potential energy field model is established,
as shown in the Table 12. Then, the traction potential energy
field is established according to the origin and destination,
based on the electronic chart data, the mean interpolation
processing is carried out to obtain the evenly distributed chart
data, and the safety potential energy field of the waterway
planning area is established. The traction potential energy
field is shown in the Fig.14, the safe potential energy field
is shown in the Fig. 15:

33.75°N

33.5°N

33.25°N

33°N

ana L85 Erumiod vorelL

32.75°N

32.5°N

32.25°N

120.75°E 121°E 121.25°E 121.5°E 121.75°E 122°E 122.25°E

FIGURE 14. Schematic diagram of traction potential energy field in
simulation experiment.

A 100 x 100 grid was used to cover the planned water
area, the PE-A* algorithm was used to search the path node
of the minimum potential energy, and the main path node
of the global path was extracted by dynamic programming.
The global planning route is shown in Fig. 16 and Fig. 17.
global path is integrated into the safety potential energy field
and the actual electronic chart. It can be observed in the
electronic chart that the route of box 1 and box 2 is closer
to the obstacle than other sections of the global route. As are
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FIGURE 15. Schematic diagram of safety potential energy field in
simulation experiment.
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FIGURE 16. Simulation experiment: global planning course chart based
on electronic chart.

TABLE 13. Global plan course point list.

[ [120.906, 33.203], [120.78, 33.500],
[120.906, 33.577], [121.032, 33.645],
[121.068, 33.645], [121.122, 33.594],
[121.176, 33.543], [121.230, 33.543],

M:tlﬁl [121.266, 33.594], [121.356, 33.594],
Illjode [121.536, 33.560], [121.572, 33.509],

[121.698, 33.356], [121.716, 33.322],
[121.716, 33.220], [121.716, 33.033],
[121.680, 32.863], [121.752, 32.744],
[121.752, 32.625], [121.572, 32.591]]

shown in Fig. 18 and Fig. 19, the area within box 1 and box 2
can be enlarged and observed, and the water depth of the route
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FIGURE 17. Simulation experiment: global planning route map based on
safety potential energy field.
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FIGURE 18. Simulation experiment: planning course chart based on box 1
electronic chart.
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FIGURE 19. Simulation experiment: planning course chart based on box 2
electronic chart.

of box 1 ranges from 10.6m to 15.3m. In box 2, the water
depth range is 9.8m to 14.6m. In summary, the whole section
of the planned route meets the navigation requirements of
ships. The global route points are shown in the Table 13.
When sailing along the global planning path, our ship
encountered a temporary navigation ban in the area as shown
in Fig. 20, which required emergency obstacle avoidance.
The gray area is the area of ship collision accident, which
intersects with the global planning route of our ship. The
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TABLE 14. Table of safe potential energy parameters of dynamic
obstacles.

Obstacle
avoidance

Potential Center-point X radius Y radius
energy at the coordinates Oy Ty
center (km) (km)

military
practice 15.0
area

[121.3,33.59] 7.0 7.0

33.75°N

Ohstacle

335°N |

33.25°N

| Destination

= X
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FIGURE 20. Simulation experiment: local dynamic collision avoidance
course map based on electronic chart.
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FIGURE 21. Simulation experiment: Local dynamic collision avoidance
route map based on safety potential energy field.

safety potential energy parameters of this area are shown
in table 14. The safety potential energy field was established
and superimposed to the original safety potential energy field
to obtain the latest safety potential energy field as shown in

VOLUME 10, 2022



Y. Liu et al.: PE-A* Algorithm for Ship Route Planning Based on Field Theory

IEEE Access

TABLE 15. List of local collision avoidance course points.

[ [120.906, 33.203], [120.780, 33.500],
[120.906, 33.577], [121.032, 33.645],
[121.068, 33.645], [121.248, 33.679],

Main [121.356, 33.679], [121.536, 33.560],
path [121.572, 33.509], [121.698, 33.356],
node [121.716, 33.322], [121.716, 33.220],

[121.716, 33.033], [121.680, 32.863],
[121.752, 32.744], [121.752, 32.625],
[121.572, 32.591]]

Fig. 21. The PE-A* algorithm was used to solve the local
obstacle avoidance route. As shown in Fig. 20 and Fig. 21,
the reality of local collision avoidance routes under the safety
potential energy field and electronic chart, the green route is
the global planning path, and the red route is the obstacle
avoidance path. Local obstacle avoidance route nodes are
shown in the Table 15:

VII. CONCLUSION

This study mainly focuses on explanation. A* algorithm is
a mature heuristic search algorithm and potential energy
field can describe the characteristics of obstacles well.
By combining the advantages of A* algorithm and potential
energy, PE-A* algorithm can take into account both global
route planning and local dynamic collision avoidance. PE-A*
algorithm takes into account both global route planning and
local dynamic collision avoidance. Experimental results show
that the route planned by PE-A* algorithm has good effect
in both horizontal dimension and vertical dimension, can
greatly reduce the risk of ship collision and grounding. The
mathematical model in this study can adjust the value basis
of potential energy according to the needs of the shipping
company, plan the optimal route under different objectives.
Model in this study considers fewer constraints, which can
be adjusted according to the actual situation, such as: bridge
constraints of inland rivers, cyclone in the ocean, wind,
current, wave, etc.

A. ABOUT MATHEMATICAL MODELS

The purpose is to find the optimal path of ship navigation,
there are many factors for the optimal path test rate, such
as: path length, safety, ship fuel consumption, loss and other
factors. Theoretically, considering more factors, the planned
ship path will be more optimized and reliable, which is
convenient for shipping companies to carry out more accurate
voyage cost estimation. This study mainly explains the PE-
A* algorithm and its solving process by planning the safest
path. In the future research, we can further find the safe
navigation path from the perspective of wind, current, wave
and potential energy. This study only considers a pair of
simple objects, navigation safety and path length, to provide
a simple understanding of ship path optimization.

B. ENVIRONMENT DESCRIPTION
In this study, by introducing the concept of potential energy
field, obstacles and ships are covered by potential energy
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field. Gaussian model is mainly used for mathematical
description in function model. But the contour of obstacles
is complex and cannot be simply described by a single model
in practice. Therefore, the next step is to find a more accurate
function model to reproduce obstacles, so as to make the
optimization model more fit the reality and further improve
the feasibility of the path.

C. ABOUT ALGORITHMS

A* algorithm is a mature algorithm in heuristic search
algorithm, algorithm has fast convergence, can get results
in a short time. Potential energy can accurately describe
obstacles. Combining A* algorithm with potential energy,
PE-A* algorithm can not only ensure the accurate description
of obstacles, but also ensure the timeliness of the algorithm.
It can be concluded from the experiment, that the route
planned by the PE-A * algorithm is more optimized. By estab-
lishing potential energy field, it can accurately describe the
navigation waters digitally. When a new obstacle appears in
the navigation waters, the potential energy field of the new
obstacle is superposed on the original potential energy field,
so that the PE-A* algorithm can take into account both global
route planning and local dynamic collision avoidance. PE-A*
algorithm can improve the navigation safety of ships in both
horizontal and vertical dimensions, which greatly improves
the practicability of route planning.
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