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ABSTRACT The accurate environment potential field (EPF) modeling method and highly efficient collision
avoidance (CA) approach are key technologies for maritime autonomous surface ships (MASS). A novel and
accurate environment potential field (EPF) model is proposed using electronic navigation chart (ENC) face
objects to describe different types of navigable and non-navigable areas, and an improved artificial potential
field (APF) method is presented to realize collaborative CA and obstacle avoidance (OA). Implicit equations
of complex-shaped face objects were constructed based on R-function theory, and the discrete-convex hull
method was introduced to realize automatic EPF modeling. Collaborative CA and OA experiments in
restricted waters were conducted on a ship handling simulator. The results show that the improved APF
method can obtain a robust and deterministic collision-free path under different weather conditions and in
restricted waters, and the track zone width remains within 0.1 nm. The proposed face object EPF model
is efficient and accurate, even with numerous vertices and complex shapes, and can drive the ship apart at
a relatively safe distance in accordance with the recommended CA parameter. We present a practical CA
approach and an effective EPF modeling method for APF-based ship path planning.

INDEX TERMS Artificial potential field, collision avoidance, environment potential field modeling,

maritime autonomous surface ships, R-function.

I. INTRODUCTION

When considering the maneuverability and motion of mar-
itime autonomous surface ship (MASS), the International
Regulations for Preventing Collisions at Sea (COLREGS),
static and moving target ships, and restricted water areas, ship
automatic collision avoidance (CA) is highly complex and
uncertain, and the path planning for MASS is an important
challenge [1], [2].

Many types of path planning algorithms have been used
and adapted for MASS, and the techniques have been sum-
marized in some literatures [2]-[9]. Vagale et al. [4] adopted
a general categorization of path planning algorithms based
on Souissi et al. [10] and suggested that such algorithms can
take a classical approach, an advanced approach, or a hybrid
approach. Vagale categorized the potential field methods as
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an advanced approach according to Serigstad et al. [11] and
indicated that the potential field methods are most often
used in path planning owing to their low computational load
requirement for trajectory generation, and that the trajectory
can be generated effectively in real time. The artificial poten-
tial field (APF)-based approach establishes a virtual potential
field for the navigation area of the MASS. The attraction
between MASS and goal, repulsions between MASS and
obstacles, and repulsions between MASS and other ships
are all applied on the ship to realize a collision -free path
planning.

As a mandatory equipped aid for navigation in
up-to-date bridge system, the electronic chart display infor-
mation system (ECDIS) can present large amounts of accu-
rate environmental data for CA systems, such as the depth of
water, obstacles, land areas, the limit of fairways, etc. There-
fore, the ideal environment model for automatic CA system
should adapt to the data structure of electronic navigation
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chart (ENC) as much as possible [1]. However, to date,
the accurate, highly efficient, and automatic modelling of
environment potential fields (EPFs) has not been realized in
the APF-based path planning.

A. RELATED WORKS

Because the APF controller is easy to construct, intuitive,
and effective for handling static and dynamic constraints, and
has the ability to obtain an ideal effect in CA and obstacle
avoidance (OA) of a MASS, the APF-based approach has
been widely applied to intelligent ship CA systems in open
and restricted waters [4].

Despite its extensive application in robot path planning and
CA researches, the APF-based approaches encounter major
technological problems owing to the complicated CA condi-
tions of the MASS [2], [12]. Vagale indicated that potential
field methods are most often used in path planning because
of their low computational load requirement, and that the tra-
jectory can be generated effectively in real time [4]. Regard-
ing the risk of being trapped in local minima, the derived
APF-based algorithms can avoid the local minima trap that
exist in the conventional APF algorithm [4].

Currently, the research priorities of the APF-based MASS
CA approach are the optimization of the traditional APF
method, solutions for goals non-reachable with obstacles
nearby (GNRON) and local minima problems [13]-[15],
cooperative CA and OA through modeling of the environ-
mental potential field (EPF) [1], [16]-[20], and research on
CA problems based on COLREGS [15], [20]-[22].

Based on the traditional APF method, some improved APF
approaches have been proposed. Fan et al. [23] presented an
improved APF method to solve the inherent shortcomings of
local minima, inaccessibility of the target, and the GNRON
problem. Lazarowska [24], [25] introduced an algorithm uti-
lizing the discrete APF and path optimization method to
realize a collision-free trajectory for ship. Xu et al. [26]
proposed a dynamic CA algorithm via the layered APF with
collision cone to overcome the shortcomings of the traditional
APF. Zhu and Yang [27] designed an APF-based intelligent
algorithm for unmanned underwater vehicles, and the effec-
tiveness of optimized path planning was proved. In addi-
tion, some researchers proposed the hybrid path planning
method based on APF and deep reinforcement learning [15],
[22], [28], [29], or A* [30], or Hoo [31].

Lyu and Yin studied the multi-ship automatic CA approach
using an improved path guided APF method, and consid-
ered the ship motion, rules of COLREGS, maneuverability
of ship, and uncoordinated CA actions by target ships (TS)
[15], [20], [21]. They overcame numerous drawbacks in tradi-
tional APF methods (such as GNRON and local minima prob-
lems) and conducted a series of tests in open and restricted
waters, including dynamic TSs and complex static obstacles.

When a ship navigating in restricted waters automatically,
it is necessary to fully consider the various of ENC data and
their attributes, establish the navigation environmental model
of the ship, and perform automatic CA and OA. Lyu and Yin
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presented a method for EPF construction based on point, line,
and face vector data and their corresponding characteristic
attributes provided by electronic charts [1], [20]. However,
in their studies, the concave line segments were replaced with
implicit curves in the EPF modeling of the line objects, and
the edges of face shaped obstacles were manually obtained.
The complicated concave polygon was split into a series of
convex polygons, and then all the polygons were reassembled
to establish the potential field of the polygon. Therefore, their
study did not solve the automatic modeling of complicated
line and face objects and has an extremely low efficiency.
In engineering applications, the implicit equation of the curve
is difficult to obtain, and the manual splitting of the concave
polygon may result in different results when using different
splitting rules, which may induce distortions or holes in the
environmental potential field.

Related researches on EPF modeling are usually based on
extremely simple environmental data, and their use of mass
assumption and/or simplification renders the navigable area
or scope of obstacles distorted. Researches on CA and path
planning have rarely been based on official ENC data, and
the complicated geometry of EPF modeling problems has not
been well resolved. Cooperative CA and OA based on ENC
data is still a technical challenge, and related research cannot
satisfy the demands of engineering applications.

Because the EPF modeling for point and line objects is
relatively simple [20], the research priority in this study is to
establish an EPF model based on the face objects provided by
ENC data. The face objects provided by electronic chart are
extremely high in proportion, such as islands, isobath regions,
anchorages, and prohibited areas, and their concave and con-
vex shapes are quite complicated. It is essential to propose a
rigorous mathematical analysis to address the potential field
modeling of complicated face objects.

To solve the awkward EPF modeling problems of
complicated geometry, R-function theory was introduced
[32]-[34]. The researches in [35]-[37] studied EPF mod-
eling approaches based on R-function theory; they real-
ized automatic EPF modeling using the discrete-convex hull
method and conducted several experiments in APF-based CA
projects. Owing to their mathematical properties and natural
ability to express complex geometric objects, R-functions
have been widely used in computer graphics and geometric
modeling [38]-[41].

B. CONTRIBUTIONS

This study proposes a novel EPF modeling approach based
on R-function theory to solve the awkward automatic EPF
modelling problems in APF-based path planning within the
ECDIS framework and presents an improved path-guided
APF method for MASS collaborative CA and OA. The con-
tributions of this study can be summarized as follows.

(1) A novel EPF modeling method is proposed based
on R-function theory and the discrete-convex hull
method, in which different types of navigable and
non-navigable areas can be described efficiently and
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automatically. The relationship between the action
ranges of face objects and their « values, as well as the
recommended « values are presented.

(2) An improved path-guided APF method is pro-
posed to realize collaborative CA and OA by using
DCPA-TCPA as the unique adjustable parameter, and
the small obstacle crossing problems were resolved
accordingly.

(3) Collaborative CA and OA experiments for multiple
encountering situations and wind and/or current con-
ditions were conducted to verify the effectiveness of
the proposed EPF modeling approach and improved
path-guided APF method.

(4) Through a series of experiments based on ENC data,
the proposed EPF modeling approach was proven to
be accurate and reliable, and the improved path-guided
APF method proved to be robust and effective. This
study is significant for research on APF-based EPF
modeling and path planning of MASS.

The remainder of this paper is structured as follows:
Section II builds the EPF model of face objects provided
by ENC, studies the implicit function representation of the
complicated polygon based on R-functions, and solves the
automatic EPF modeling problems using the discrete-convex
hull method. Section IIT presents an improved path-guided
hybrid artificial potential field (PGHAPF) method to realize
collaborative CA and OA. In Section IV, a series of well-
designed tests are conducted based on ENC data, and the
accuracy and reliability of the proposed EPF model and
APF-based CA approach are presented. The discussion and
conclusions are presented in Sections V and VI, respectively.

Il. EPF MODELING FOR COMPLICATED FACE OBJECTS
PROVIDED BY ENC

The type and degree of danger of any object can be defined
by examining on the attributes of each face object. The corre-
sponding safe distances were then selected to ensure that the
MASS could safely pass through.

A. MODELING FOR FACE OBJECTS

For the i-th face objects in the 2D plane, if we can obtain
its mathematical expression F;(x, y) and let the points inside
the polygon fulfil the expression F;(x,y) < 0, let the points
on the edge fulfil the expression F(x,y) = 0, and the
points outside the polygon fulfil the expression Fj(x, y) > 0,
the potential field of the face objects fee(P) can then be
expressed as:

N

Stace(P) = Z

i=1

1
T4 o )
where N is the sum of face objects, ¢; is the positive parameter
of the i-th face object. The smaller the value of «;, the flatter
the potential field and the larger the action range of the face
object. Otherwise, the larger the value of «;, the steeper the
potential field and the smaller the action range of the face.
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If Fi(x,y) = 0, point p(x,y) is on the edge of the face
object, and the potential value is 0.5. If F;(x,y) > 0, p(x,y)
is outside the face object, the potential value is smaller, and
the minimum is 0. If Fi(x,y) < O0,p(x,y) is inside the
face object, the potential value is larger, and the maximum
value is 1.

The MASS must maintain a safe distance from islands,
anchorages, and prohibited areas when navigating. Occasion-
ally, the ship must navigate within certain navigable regions
and maintain a safe distance from the edges of the region,
such as channels, traffic separation schemes, or other safe
navigable areas. The potential field of the face object can then
be expressed as:

1
14 ewFitey)

fface—i(p) =1 2)
where, the inside of the face is navigable, the potential field
is smaller, and the minimum is 0, whereas the outside of the
face is non-navigable; the potential field approaches 1.0 if it

is far away from the face object.

B. R-FUNCTION REPRESENTATION FOR GEOMETRIC
OBJECT
For a geometry object in the 2D plane, the equation for each
edge can be expressed by an implicit function fi(x, y) = 0.
The implicit function separates the plane into two half-
spaces. The points on the line can fulfil the expression
fix,y) = 0, and the points in the half-space can fulfil the
expression fi(x, y) > 0 or fi(x, y) < 0. For an arbitrary closed
shape, if the vertices are sort anticlockwise, the interior of
the shape can be expressed by the left half-space of each
edge (fi(x,y) < 0). Therefore, the R-function can be used
to express the region enclosed by two inequalities as func-
tion operations. Through algebraic operations to the implicit
function f;(x, y) of each edge, we can obtain the expressions
F(x,y) < 0, F(x,y) = 0, and F(x,y) > 0 to express the
point p(x, y) is on the inside, boundary, and outside of the
geometric object, respectively.

The R-function is a real-value function characterized by
a property that is completely determined by the sign of its
arguments rather than its value. The theory of R-functions
was proposed by the former Soviet Union scholar Rvachev
in the 1960s [42]. Rvachev presented a series of R-functions
with sufficient completeness [43], where R, is an R-function

system.
1 2 2
R, = (x +y£4/x*+y> —2axy) 3)
1+a

where, a = a(x, y) is an arbitrary continuous and symmetric
function that is fulfilled by the expression —1 < a(x, y) < 1;
the symbol £ denotes R-conjunction and R-disjunction. For
a = 0, the widely used Ry system is:

Ro=x+y=£ /x> +)? )
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C. EPF MODELING PROCEDURE FOR A COMPLEX FACE
OBJECT

A polygon region can be automatically divided into side-
chains with the intersection of the convex hull vertices.
The intersection of the half-space defined by side-chains
can then be adopted to express a polygon region, whereas
the half-space is represented by the intersection or union of
the edges. If the intersection of the two edges is concave, the
half-space is the union; otherwise, it is the intersection.

The aforementioned approach for dealing with a geomet-
ric object is referred to as the discrete-convex hull method.
As mentioned previously, the face objects in this study are
in the 2D plane, their implicit functions are accurate for
expressing geometric objects. Therefore, the implicit func-
tion of a geometric object has a value of O at the bound-
ary of the object, and the internal and external points have
values < 0 and > 0, respectively.

The EPF modeling procedure for complex face objects can
be summarized as follows.

EPF Modeling Procedure for Complex Face Object

Input: face objects and attributes provided by ECDIS.

Output: EPF value at any position.

Step 1: obtain face objects data from ECDIS, pick out the CA
involved objects;

Step 2: set appropriate « value for each object according
to Tab. 1 to specify its action range.

Step 3: preprocess the vertices of face object by deleting
collinear and duplicate points, sorting anticlockwise,
and numbering;

Step 4: obtain the implicit functions of each edge;

Step 5: obtain the hierarchical structure of the polygon
by applying the discrete-convex hull method;

Step 6: obtain the implicit function of the face object by
applying conjunction and/or disjunction operations
bottom-up for each edge based on the R-function;

Step 7: obtain the EPF of face object according to formula
(1) and (2);

Step 8: obtain the total EPF of the navigating
area by adding up all the EPFs of each face objects;

Step 9: obtain the EPF value at any position;

Step 10: repeat Step 1-9 to obtain the EPF value
at another position.

Each spatial face object has its unique attribute for nav-
igation. As shown in formula (1) and (2), « is a positive
parameter to specify the action range of face object. The
relationship between the action ranges and the values of «
is shown in Fig. 1, and the recommended « values for face
objects and the safe distances to be maintained are listed in
Tab. 1. Some typically used face objects provided by ECDIS
are shown in Fig. 2. For instance, « = 10.0 can be set for
the anchorage area in open waters, then the action range
of the anchorage is 0.43 nm. Otherwise, in restricted areas,
o = 40.0 can be set to make the ship pass at a distance of
0.11 nm form the boundary of anchorage.
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«

FIGURE 1. Relationship between face object potential field action range
and its « value.

lll. COLLABORATIVE CA AND OA ALGORITHM BASE ON
IMPROVED PATH-GUIDED HYBRID APF METHOD

The CA for MASS is a complex system that should con-
strained by COLREGS and must cope with the static and
dynamic environments in real time.

A. MODIFIED APF METHOD

Based on the work of Lyu and Yin [15], [21], we realized
a multi-ship CA algorithm by modifying the repulsive force
model in the APF method from the perspective of navigation
and used the distance at closest point of approach—time to
closest point of approach (DCPA-TCPA) criterion as the
unique adjustable parameter [44] (5)—-(12), as shown at the
bottom of the next page, where g and 7. are the scaling
factors for negotiation and emergency CA, respectively, and
¢ is the scaling factor for the attractive force. The OS is driven
by the resultant force, moves to the goal, and simultaneously
maintains a safe distance with the TSs. The term nyg denotes
a unit vector that points to the goal from the OS. The term
n,; denotes a unit vector that pointing to TSs or obstacles
from the OS; d, is the distance between the OS and the goal;
d is the distance between the OS and TS; 6oL is the angle
between any tangent line (T1p,; or T2p,,) and the relative
position vector p,p,; 6 is the angle between the relative
position vector p, (P, = P — Pos) and the relative speed
vector vo(Votr = Vos — Vis). The risk of collision occurs
when the extension line of vys crosses the circle of radius
dTOLpeg-cpa(6 < 6roL); otherwise, the OS can pass through
the TS at a safe distance. The terms demg and dpeg Tepresent
the range criterion of emergency CA and negotiation CA,
respectively; dTOLpeg.cpa and tTOLyeg.cpa denote the dis-
tance and time criteria of negotiation CA, respectively; and
dTOLepg.cpa and tTOLemgcpa represent the distance and
time criteria of emergency CA, respectively.

B. IMPROVED PATH-GUIDED HYBRID ARTIFICIAL
POTENTIAL FIELD METHOD

The course alteration amplitude in one time step is desig-
nated as 60m,x (degree), according to the maneuverability
of the ship. As shown in Fig. 3, the detection range is d
(nm) in the course direction, the scanning line on the current
course v, is separated into m sample points, and the potential
field of each sample point is calculated to obtain the total
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FIGURE 2. Some face objects provided by ECDIS.

potential field f (y): If f(¢.) is larger than the given threshold f 7y, the ship
N—1m—1 must take action to avoid obstacles in front of the course
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TABLE 1. Recommended o values for face objects.

Face objects

Open waters Restricted waters

Safe distance(nm) a Safe distance (nm) o

Fishery zone, anchorage 1.83~0.43 2.0~10.0 0.43~0.11 10.0~40.0
Island or its depth contour, closed shallow water contour 3.12~1.01 1.0~4.0 1.01~0.18 4.0~25.0
Navigation prohibited area, ice area 1.83~1.01 2.0~4.0 1.01~0.29 4.0~15.0
Traffic separation zone, closed channels, or fairway - - 0.22~0.09 20.0~50.0
Custom area (e.g., closed face defined by XTL of route plan, closed safe

) . ) 0.83~0.29 5.0~15.0 0.29~0.09 15.0~50.0
contour around ship, navigable area defined by traffic separation lane, etc. )

scanning lines are obtained on each side. Next, each scanning Improved PGHAPF

line is separated into m sample points, and the potential field
of each sample point is calculated and added to obtain the
total potential field f(¥, + @max) on the starboard side and
S (e — Omax) on the port side. The ship altered the course
to a smaller potential field side. The detection and course
alteration were repeated for each iteration to enable the ship to
pass and clear obstacles. Thus, the ship can detect obstacles
in the heading direction, alter its course to a relatively safe
side, and ensure that it does not cross small obstacles.

y(n mile)
B Pt s

x(n mile)

FIGURE 3. Detection range and sector.

In this section, we employed an improved path-guided
hybrid artificial potential field method to realize the collab-
orative CA and OA algorithm, as illustrated in Fig. 4. The
improved PGHAPF is illustrated as follows:

IV. TESTS AND RESULTS

To demonstrate the problem-solving capability of the
approach proposed in this study, a series of well-designed
tests were conducted using a PC with an Intel(R) Xeon(R)
CPU E5-1600 v3 @ 3.5 GHz processor, 8 GB RAM, and a
64-bit Windows 10 Professional operating system. Collabo-
rative CA and OA experiments were designed to validate the
proposed algorithm based on ENC data and were conducted
in a simulated environment.

A. SIMULATION PLATFORM

A series of well-designed tests were conducted on a
semi-physical full mission ship handling simulator devel-
oped by Dalian Maritime University (DMU) (as shown in
Fig. 5), which includes a 6-DOF (six-degrees-of-freedom)
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Input: OS initial position, course, speed, and route plan;
face objects and attributes provided by ECDIS; TSs
initial positions, courses; appropriate CA parameters.

Output: recommended course.

Step 1: set appropriate « for each face object according to

Tab. I;

Step 2: obtain the EPF model according to Section II.

Step 3: obtain the attitudes of TSs and OS;

Step 4: obtain the total EPF f(¢,) using formula (13);
if f(¥.) < fror- there is no risk of collision exists
between OS and face obstacles, go to Step 6;
if f(¥.) = fror, continue to Step S;

Step 5: obtain the total EPF of f (¥, + Omax) and
S ('h — Omax);
apply a port side course alteration of @ yayx if
S W+ O0max) —f (¥, — Omax) = f 7oy OF a starboard
side if f (Y, +0max) —f (¥ —Omax) < fror; continue
to Step 1;

Step 6: calculate the attractive force Fy; according to
formula (5); calculate the repulsive forces Frep(p, v)
from each TS according to formulas (6—12); obtain
the total virtual force exerted on the ship; obtain the
recommended course ¥, + AY,;
continue to Step 1;

Step 7: repeat Step 1-6; end the calculation when OS reaches
the goal.

ship motion model, path planning module, bridge control
system (radar, conning, ECDIS, ship control equipment, etc.),
3D scene module, and instructor station. The structure of the
simulation platform is shown in Fig. 6.

The simulator provides the own ship information (static,
dynamic, and maneuverability), target ship information
(static and dynamics), and disturbance (wave, current and
wind) for the path planning module. In the 6-DOF MMG ship
model, the mass and added mass, moment and added moment
of inertia, viscous hydrodynamics and hydrostatic forces,
propeller forces and moments, rudder forces and moments,
and disturbance forces were all included.

The path planning module works within the ECDIS frame-
work, which provides global route planning and ENC data
(points, lines, and face objects). Considering the motion of
the own ship, target ships, COLREGS, global path planning,
and EPF model based on ENC data, the path planning module
provides a collision-free local path planning.
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Input initial CA parameters according to OS particulars (scaling factor ¢ for attractive force;
scaling factors #qand #. for negotiation and emergency CA; dey, and d,, for range criterion
of negotiation and emergency CA; Limitation to course alteration in one time-step).

4

Input the adjustable DCPA-TCPA criterion (dTOL,, and tTOL,., for negotiation CA,
dTOL,y,g and (TOL.,, for emergency CA ).

|

Inpul OS information (OS position p,, speed v,); input TS information (TS position pys, speed
vy); input ENC data and route plan from ECDIS.
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Obtain the goal position (Pyyar)
form route plan and calculate 4,

Y
Calculate attractive foree Fy, Calculawe F,

l Caleulate d, depa. feras Vou Vos Os Oror for TS,

EPF modeling for face objects according
to Section 2.

4
Obtain fly.) on current course direction.

Calculare Fiy No

v

Calculate Fyn

Finish the caleulation of
gpulsive forces for all TSs?

J

Obtain fly+ 0 nax ) on starboard side
and fly.- oy ) On port side .

l

Calculate the suggested course
(Wet O maxif frord Wt Omax)-

A

Caleulate the suggested course

(Ve Orax) » else (We- O nar))-

No

FIGURE 4. Flow chart of improved PGHAPF method.

According to the collision-free path, the ship control sys-
tem provides executable commands to the rudder and pro-
peller, and drives the 6-DOF ship motion model calculation.

B. COLLABORATIVE CA AND OA IN RESTRICTED WATER
(INSIDE OF THE FACE OBJECT IS UNNAVIGABLE)

In the vector data provided by the shipboard ECDIS, the
20.0 m isobath data around Zhangzidao (Dalian, China) con-
sists of four islands with 511 sampling points (as shown in
Fig. 7) (chart number = CN311001, issue data = 20150818,
update number = 6, update application date = 20171226,
scale = 1:90 000, horizontal geodetic datum = WGS 84).
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Reach the goal?

The potential field around Zhangzidao Island was gener-
ated based on the 20.0 m isobath data. As shown in Fig. 8§,
a larger value of « results in a larger safe navigation region
available for the ship, whereas a smaller value of « implies
that the ship must maintain a larger distance from the islands.
Although numerous data were provided by the electronic
chart and the shape of the polygons was extremely compli-
cated, the proposed algorithm successfully solved the envi-
ronmental potential field modeling.

We used one container ship “KangHe” (OS) as a smart
ship and two target container ships, “YinHe” (TS1) and
“AnGuangJiang” (TS2), to complete the experiment of
the collaborative CA and OA. The shapes of the involved
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TABLE 2. Ship full rudder turning information of “kangHe"; The speed and time is corresponding to the heading change of 0°, 90°, 180°, and 360°,

respectively.

Transfer Advance Final Diameter  Tactical Diameter Speed (kn) | Time (s)
(m) (m) (m) (m) 0° 90°  180°  360°  90°  180°  360°
Port (-35°) 431.18 848.08 996.38 1057.49 16.02 106 9.7 9.5 155 310 625
Starboard (+35°)  406.08 833.88 990.82 1018.60 16.02 104  9.50  9.40 150 300 610
TABLE 3. Ship specifications and initial conditions.
Length Breadth Draft Disp. Speed Course o o ..
Name o Initial Position Goal Position
(m) (m) (m) (m?) (kn) ©
oS 39°00.1482’ 39°05.8285"
(KangHe) 259.0 320 95 43067.0 16.0 338.6 122°47.6834' 122°47.6834'
TS1 39°03.6780" 39°01.1824’
(YinHe) 168.0 280 95 28849.0 12.0 13.1 122°43.3710 122°50.6475'
TS2 39°05.4892' 39°01.4012’
(AnGuangJiang) 147.0 220 90 19708.0 1.0 226.7 122°51.1232’ 122°45.3875'
TABLE 4. Parameters for ca test.
Item Value Item Value
Emergency CA Range criterion d,, e 3.0 nm Negotiation CA range criterion d neg 6.0 nm
ITOL pcpa ™~ 4.5 min [TOL o cpp — 9.0 min
Emergency CA DCPA-TCPA criterion _ Negotiation CA DCPA-TCPA criterion _
dTOL =0.5nm dTOL =1.0nm
emg-CPA neg-CPA
Obstacle detection range on OS course direction ~ OSSpeedx9.0 min Limitation to course alteration 4.0°/3s

Path plannw .
- -

Ship contr@l station

FIGURE 5. DMU full mission ship handling simulator.

ships are shown in Fig. 9, and the turning information of
“KangHe” is listed in Tab. 2. The initial conditions and
ship specifications are presented in Fig. 10 and Tab. 3. & =
50.0 and @ = 5.0 were set for the 20.0 m isobath data, and
the CA parameters are listed in Tab. 4.

Fig. 11 shows the collaborative CA and OA results
obtained by “KangHe”. Figures 12—14 show the distances,
DCPAs, and TCPAs between the OS and TSs for the entire
test. Fig. 15 shows the courses of “KangHe” in the CA
process. A portion of the CA results are presented in Tab. 5.
By analyzing the CA results and processes over the tests,
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we can see that the ship navigated on her route plan at full
speed in the first 5 min because there was no risk of collision
with the TSs and obstacles. When the distances between the
OS and TSs decreased, “KangHe™ started to alter course to
the starboard side according to COLREGS at 5 min as the
DCPA-TCPA criterion between the OS and TS2 was fulfilled.
The CA procedure with TS2 continued for 9.0 min, and the
ship started to return to her route plan when it passed and
cleared with TS2 at 14 min. After returned back at 18 min,
the ship started to head for her destination.

If no obstacles exist, the maximum course alteration of
“KangHe” in the CA procedure is 60°, and the stable course
alteration is 52°, which is sufficiently large according to
COLREGS. The ship passed and cleared with TS2 at the
desired distance of 0.986 nm (in accordance with the DCPA-
TCPA criterion dTOLyeg.cpa = 1.0 nm) and headed for her
destination with a course of 315° after completing the CA
procedure.

If « = 50.0 is set for the isobath data, the maximum course
alteration of “KangHe” in the CA procedure is 46°, and the
stable course alteration is 31°. Even though the course alter-
ation was sufficiently large according to COLREGS, the ship
passed and cleared with TS2 with a distance of 0.43 nm (less
than the desired 1.0 nm defined by d TOLpeg.cpa) and headed
for her destination with a course of 318° after completing the
CA procedure.

If « = 5.0 is set for the isobath data, the maximum
course alteration of “KangHe” in the CA procedure is 41°,
and the stable course alteration is 28°. The ship passed and
cleared with TS2 at a distance of 0.38 nm (also less than the
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FIGURE 8. Potential field of 20.0 m isobath: (a) « = 5.0 and (b) « = 50.0.

desired 1.0 nm defined by dTOLyeg.cpa) and headed for her
destination with a course of 320° after completing the CA
procedure.

By analyzing the CA results, we can see that a smaller o
value induces a larger effective range around the obstacles
while reducing the ship’s navigable region and restricting the
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scope of action. In the three tests, “KangHe” could detect the
obstacles and the risk of collision with TSs in a timely man-
ner, and apply the largest CA actions, attempting to obtain
a safe distance with TSs and obstacles. As the restriction of
the obstacles provided by ENC, even though the largest CA
actions were applied, the ship passed and cleared with TS2
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(a)

(b) ©)

FIGURE 9. Ship shapes in simulator a) KangHe, (b) YinHe and (c) AnGuangliang.

hangzida
FiShine Harbour Breakwater Kead R

TS2(AnGuangliang)

FIGURE 10. Initial conditions of the collaborative CA and obstacle avoidance scenario.

TABLE 5. CA results by “kangHe."

Item No obstacles a=50.0 a=5.0
Maximum course alteration 60° 46° 41°
Stable course alteration 52° 31° 28°
Pass and clear distance with TS1 2.23 nm 1.93 nm 1.82 nm
Pass and clear distance with TS2 0.986 nm 0.43 nm 0.38 nm
Head for destination course 315° 318° 320°

at a distance of 0.43 nm (¢ = 50.0) and 0.38 nm (¢ = 5.0),
which were less than the desired distance of 1.0 nm defined
by d TOLneg—CPA~

Even though restrictions existed and different o values
were applied, the opportunities for detecting the risk of
collision with TSs, taking actions, detecting obstacles, and
returning to the origin route plan, and the CA trends were
approximately the same in the tests. If the dynamic ships
and static environment conditions remain unchanged, the CA
results provided by this study are reliable when handling a
complicated CA scene.

Based on previous work, extensive experiments have been
conducted under different encountering situations. As shown
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in Fig. 16, there were five moving target ships and seven static
ships in the scenario, and the encountering situations included
crossing, head on, overtaking, and uncoordinated actions by
target ships. The CA results are shown in Fig. 17, and the
DCPAs, TCPAs and distances between OS and TSs are shown
in Fig. 18.

As shown in Figures 17-18, “KangHe* navigated on her
route plan at first, then altered course to the starboard side
when detected risk of collision with the first island. Subse-
quently, the ship successively took a series of CA actions to
the islands, static ships, and dynamics ships. The ship finally
passed and cleared all ships and islands at relatively safe dis-
tances. Owing to the restriction of the islands, the minimum
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FIGURE 11. Collaborative CA and OA results obtained by “KangHe."
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FIGURE 12. Distances between OS and TSs.
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FIGURE 13. DCPAs between OS and TSs.

distances between the OS and TS1-TS5 were 0.73, 0.45,0.23,
0.32 and 0.85 nm, respectively, which were smaller than the
desired distance of 1.0 nm defined by d TOLpeg-cpa.-

C. COLLABORATIVE CA AND OA IN RESTRICTED WATER
(INSIDE OF THE FACE OBJECT IS NAVIGABLE)

In this section, we selected a traffic separation scheme
outside of Tianjin Port (chart number = CN422122, issue
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FIGURE 14. TCPAs between OS and TSs.
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FIGURE 15. Course of “KangHe."

data = 20180622, update number = 4, scale = 1:45 000,
horizontal geodetic datum = WGS 84) to conduct a series
of well-designed CA tests (as shown in Fig. 19). To keep
clear of the traffic separation line and separation zone and not
cross the separation line simultaneously, we established an
EPF model of the right side of the traffic separation scheme,
as illustrated in Fig. 19, where the width of the waterway is
1.0 nm and the length is 10.0 nm.

The potential field of the traffic separation scheme was
generated as shown in Figures 20-21. A larger value of o
results in a steeper EPF and larger safe region available for
ship navigation in the traffic separation scheme, whereas,
a smaller value of « indicates a flatter EPF and narrower
navigable region in the traffic separation scheme. The width
of the navigable waterway was 0.8 nm when o = 50.0 and
0.09 nm around the traffic separation line and the separation
zone was unnavigable. However, when o = 10.0, the width of
the navigable waterway was 0.14 and 0.43 nm around the traf-
fic separation line and the separation zone was unnavigable.

We used one container ship “KangHe” (OS) as a smart
ship and two target container ships, “YinHe” (TS1) and
“AnGuangJiang” (TS2) to complete the experiment of col-
laborative CA and OA under a north wind of force 1.
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FIGURE 16. Collaborative CA and obstacle avoidance scenario including 5 moving ships and 7 static

ships.

TABLE 6. Ship specifications and initial conditions.

Length Breadth Draft  Disp. Speed  Course . o o
Name Initial Position Goal Position
(m) (m) (m) (m’) (kn) ©
0s 38°48.7388’ 38°50.4269'
(KangHe) 259.0 32.0 9.5 43067.0 160 278.0 1185451837 118°30.6843"
TSI 38°48.8467’ 38°50.1306'
(YinHe) 168.0 280 93 28849.0 6.0 278.0 118°42.9996' 118°31.9405
TS2 38°50.9210’ 38°48.9569'
(AnGuangliang) 1470 22.0 90 197080 150~ 098.2 118°27.8168' 118°44.5036'
0 S for the lane. If no CA actions are applied, “KangHe” would
Ts2suan y 2 pass and clear with TS1 and TS2 (starboard-to-starboard) at
oF ' distances of 0.14 and 0.19 nm, respectively.
The tracks of “KangHe” are shown in Fig. 22, the courses
iy of the ship are shown in Fig. 23, and the distances, DCPA, and
TCPA between “KangHe” and the TSs in the CA procedures
T are shown in Figures 24-26. Some CA results are presented in
Tab. 8. By analyzing the results and intermediate processes,
T © COSGREAT LAKW we can see the following.
: DaYMmj v — At the beginning of the two tests, “KangHe” navigated on
51 unHong acles) ey e . .o .
05 obmclon o s her initial route plan because there was no risk of collision
TS5 Start® Shankou ==

T2

S3

TS4

TSS

route plan
o static ships

> obstacles

48 49 50 51 52 53 54 55

FIGURE 17. CA results by “KangHe."

The initial conditions and ship specifications are shown in
Fig. 19 and listed in Tab. 6. « = 50.0 was set for the traffic
separation scheme, and the CA parameters are listed in Tab. 7.
Here, TS1 is a low-speed overtaken vessel and “KangHe”
is a high-speed overtaking vessel. TS2 violates COLREGS,
which does not proceed in the direction of the traffic flow

VOLUME 10, 2022

existed with the TSs. At 1.0 min, the ship altered course to
starboard to overtake TS1 as the DCPA-TCPA criterion was
fulfilled; the overtaking process continued for 9.5 min, and
then at 10.5 min, the ship started to return to her route plan
when it passed and cleared with TS1. “KangHe” started her
CA actions with TS2 at 16.5 min; the CA procedure with TS2
continued for 10.0 min, and then at 26.5 min, the ship started
to return to her route plan when passed and cleared with TS2.
At 29.0 min “KangHe” started to head for her destination
when passed and cleared with all TSs.

If there were no restrictions, the maximum course alter-
ation of “KangHe” in the CA procedure with TS1 was 34.0°
and the stable value was 28.0°. The ship passed and cleared
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FIGURE 20. Potential field of the traffic separation scheme (« = 50.0): (a) potential contours and (b) potential surfaces.

with TS1 at a distance of 0.98 nm (in accordance with the
DCPA-TCPA criterion dTOLyeg.cpa = 1.0 nm). “KangHe”
headed for her destination with a course of 272.0° after
finishing the CA actions with TS1. The maximum course
alteration in the CA procedure with TS2 was 33.0° and the
stable value was 28.0°. The ship passed and cleared with TS2
at a distance of 0.98 nm (also in accordance with the set
DCPA-TCPA criterion) and then headed for her destination
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with a course of 261.0° after finishing her CA actions with
TS2.

If there was a restriction of the traffic separation scheme,
the maximum course alteration of ‘“KangHe” in the CA
procedure with TS1 was 24.0° and decreased to 10.0° after-
wards. The ship passed and cleared with TS1 at a distance
of 0.48 nm, which was less than the desired 1.0 nm defined
by dTOLpeg.cpa. The ship headed for her destination with a
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TABLE 7. Parameters for ca test.

Item Value Item Value
Emergency CA Range criterion d emg 3.0 nm Negotiation CA range criterion d neg 6.0 nm
tTOLemg-CPA= 5.0 min tTOLneg-CPA =100
Emergency CA DCPA-TCPA criterion o Negotiation CA DCPA-TCPA criterion ~ min
dTOL pcrn ™ 0.5 nm dTOL =1.0 nm
neg-CPA .
Obstacle detection range on OS course direction 0OSSpeed=9.0 min Limitation to course alteration 4.0°/3s

routeplan
> contour
boundary
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6k -
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TS2-start
7k
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FIGURE 22. Collaborative CA and OA results by “KangHe.”

course of 275.0° after finishing the CA actions with TS1; the
maximum course alteration in the CA procedure with TS2
was 15.0° and the stable value was 10.0°. “KangHe™ passed
and cleared with TS2 (port-to-port) at a distance of 0.22 nm
(less than the desired 1.0 nm defined by dTOLeg.cpa) and
headed for her destination with a course of 273.0° after fin-
ishing her CA actions with TS2. The distance from the traffic
separation line was maintained at a minimum of 0.1 nm.
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The ship could detect the risk of collision with the TSs
and obstacles in a timely manner, and perform effective CA
actions at the right time according to the set DCPA-TCPA cri-
terion in both experiments. If no restrictions existed, the ship
could pass and clear the TSs with the desired safe distance
(agreeing well with the DCPA-TCPA criterion defined by
dTOLyeg.cpa). If the traffic separation scheme was restricted,
the ship could take effective CA actions for TSs and keep
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TABLE 8. CA results by “kangHe."

Item

No CA actions No obstacles o =500
Maximum course alteration to TS1 0° 34° 24°
Stable course alteration to TS1 0° 28° 10°
Pass and clear distance with TS1 0.14 nm 0.98 nm 0.48 nm
Maximum course alteration to TS2 0° 33¢ 15°
Stable course alteration to TS2 0° 28° 10°
. . 0.19 nm 0.22 nm
Pass and clear distance with TS2 (starboard-to-starboard) 0.98 nm (port-to-port)
820 T T real course(a=50.0) % T I I "[—TsI1(a=500)
order course(a=50.0)) TS2(a=50.0)
w b = = =real course(no obstacle) 20} = = =TSl (no obstacle)
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FIGURE 23. Courses of “KangHe."
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FIGURE 25. DCPAs between “KangHe" and TSs.

clear of the traffic separation line or separation zone simulta-
neously. Even though the largest CA actions were applied, the
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ship could not pass and clear with the TSs at a safe distance
(as defined by dTOLpeg cpa)-
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FIGURE 27. OS track zone of scenarios #1-13.

Although the ship could take a relatively large CA action
and remain clear of the traffic separation lines or separation
zones, the desired safe distance (dTOLpeg.cpa) may be set a
smaller value in accordance with the width of the waterway
when navigating in restricted areas.

Following previous work, we conducted a series of exten-
sive experiments under different wind and/or current condi-
tions. The scenarios are listed in Tab. 9, and the results are
shown in Figures 27-30.

The results show that the proposed approach can obtain a
robust, deterministic, and nearly the same collision-free path
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FIGURE 29. CA results of scenarios #6-9: (a) OS tracks, (b) OS courses and (c) advised course.
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FIGURE 30. CA results of scenarios #10-13: (a) OS tracks, (b) OS courses and (c) advised course.

under different wind and/or current conditions, even though
the act opportunities, act times, and act amplitudes may be
slightly different. As shown in Fig. 27, the track zone width
of scenarios #1-13 reached 0.10 nm at the beginning of the
experiments owing to the suddenly input environmental force
on the ship, and later it remained within 0.05 nm owing to
the restriction of the traffic separation line and encountering
situations.

By analyzing the results and intermediate processes
between scenarios #3 and #5, scenarios #7 and #9, and sce-
narios #11 and #12, we can see that the beneficial wind
and/or current conditions (#5, #9, and #11) resulted in a
slightly larger ship course alteration, and the tracks were
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slightly inclined to the right side accordingly. Otherwise, the
unfavorable wind and/or current conditions (#3, #4, and #12)
made the ship apply a slightly smaller course alteration, and
the tracks were inclined to the left side accordingly.

V. DISCUSSION

This work studied the MASS CA system from the standpoint
of engineering applications and proposed a novel EPF mod-
eling method for face objects within the ECDIS framework to
solve problems in APF-based path planning. First, this study
established the implicit function of complex face objects
based on R-function theory and realized automatic EPF mod-
eling using discrete-convex hull technology. Second, this
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study improved the path-guided APF method and achieved
collaborative CA and OA in restricted waters. Finally, a series
of tests were conducted based on ENC data and under
different wind and/or current conditions, and the proposed
approach of EPF modeling method was proven to be accurate
and reliable.

TABLE 9. Wind and/or current conditions of scenarios.

Wind Current
Scenario  Direction Force Direction Speed

©) (Beaufort) ©) (kn)
#1 0 1 - -—-
#2 45 5 - -
#3 45 8 - -—-
#4 225 5 - -—-
#5 225 8 - -—-
#6 - - 45 1.0
#7 - --- 45 2.0
#8 - - 225 1.0
#9 - -—- 225 2.0
#10 45 5 45 1.0
#11 225 5 45 1.0
#12 45 5 225 1.0
#13 225 5 225 1.0

However, this study some shortcomings. For instance,
because the collaborative CA and OA experiment were con-
ducted in a simulated environment, the suggestions were not
sent to a real-ship actuator and the actual CA results for a real
MASS were not well presented. This algorithm needs more
tests and improvements because of the extremely complicated
navigation environment faced by real-ships, such as small
fishing vessels with unpredictable motions, the anchorage
and anchored vessels, channels, traffic separation schemes,
ships not proceeding in the channel, not navigating on the
route plan by OS, etc.. The ship speed suggestion that is
extremely important in restricted waters or channels was not
given in this algorithm, which is also extremely difficult to
realize when combining with course suggestion; although
some rules from COLREGS have been considered in the
algorithm, more efforts are needed to apply the entire list
of COLREGS rules and practice good seamanship. The CA
parameters for ENC data may not be satisfying to navigators,
and its dynamic adjustment is impossible.

VI. CONCLUSION

This study systematically solved the EPF modeling problem
for complex face objects. Reliable environmental data were
provided by official electronic chart data. The proposed EPF
modeling method based on R-function theory can establish
any potential field of complex face objects even though the
objects have a very complex concave-convex structure. The
modeling procedure is simple and easy to conduct. Any
offline extraction or mesh dividing operation to the electronic
chart data is unnecessary. EPF modeling can be realized
automatically without any manual intervention within the
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framework of the ECDIS. The proposed method is also a
feasible path planning method for inland river ships. As the
proposed method is accurate and reliable and satisfies the
demand of engineering applications, this study is significant
for research on APF-based CA for MASS.
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