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ABSTRACT

Ship collision avoidance is a key consideration in maritime
systems. Collision avoidance maneuvers depend on navigators’
experience and skill levels. Because both maritime traffic den-
sities and average ship speeds are increasing, the times avail-
able for decision-making are decreasing, which elevates the risk
of human errors in the collision avoidance process. To reduce the
effect of human factors and efficiently prevent collisions be-
tween ships navigating in open water with effective visibility,
a particle swarm optimization (PSO) algorithm can be used to
plan ship paths. An improved ship domain dynamic model can
assess collision risks in close-range encounters. Several marine
traffic scenarios based on standard encounter types were simu-
lated; the proposed PSO algorithm was tested in those scenarios.
This paper discusses the compatibility and consistency of the al-
gorithm outputs as well as the execution efficiency of the algorithm.

I. INTRODUCTION

Although numerous navigational aids are available on a ship’s
bridge, such as an Automatic Identification System (AIS) and
an Automatic Radar Plotting Aid (ARPA), a ship’s collision
avoidance depends mainly on the navigator’s reaction and judg-
ment. Nevertheless, with the rapid development of maritime trade,
increases in both traffic density and the average cruise speed of
ships have shortened the time available for making decisions
during the process of collision avoidance, leading to increases
in ship collisions. According to statistical analysis, 80% of ship
collision incidents at sea are due to human factors. Technologi-
cal enhancements, such as automated ship collision avoidance,
reduce human errors because they reduce human participation.
To reduce human errors, collision avoidance maneuvers have
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been actively researched; numerous scholars and experts have
developed automated decision-making systems for ship collision
avoidance. These experts have designed maneuvers and systems
to assist a navigator in evaluating the danger of collisions and
then generating particular maneuvers. However, path-planning
functionality is limited because scant research has been pub-
lished on optimal navigation paths (Tam et al., 2009).

Many studies have investigated path planning for ship colli-
sion avoidance in the past thirty years. At first, researchers mainly
adopted deterministic approaches in the area of ship path plan-
ning, such as knowledge-based expert systems (lijima and Hagi-
wara, 1991), analytical geometry with convex set theory (Hong
et al., 1999), fuzzy set theory (Hwang et al., 2001), maze rout-
ing methods (Chang et al., 2003; Szlapcynski, 2006a), and neural
networks (Liu and Shi, 2005). Path planning for collision avoid-
ance is a multi-objective nonlinear optimization problem in a
complex and dynamic environment. Path planning must ba-
lance navigational safety and economic constraints. Hence, it
is unrealistic to employ a deterministic approach to solve such
a problem in a real-time environment. And then, to solve the
aforementioned problem, paths for collision avoidance have been
supplied by heuristic approaches, such as evolutionary algorithms
(Tam and Bucknall, 2010; Ming, 2016), genetic algorithms (Zeng,
2003; Cheng and Liu, 2006), ant colony algorithms (Tsou and
Hsueh, 2010), and particle swarm optimization (PSO) algorithms
(Chen and Huang, 2012). An optimal turn or local optimal path
can be generated through the aforementioned heuristic approaches
to prevent collision with other ships for an immediate encounter.
However, it is difficult to calculate an optimal trajectory in a
large-scale traffic scenario. Most studies have determined a na-
vigation path without consideration of the environmental con-
ditions and without conforming to International Regulations
for Preventing Collisions at Sea (COLREGS).

This paper adopts the concept of ship domain as an assess-
ment criterion for collision risk and uses the PSO algorithm to
create a path-planning approach to optimize collision-free paths
for ships in real-time navigation environments. This study is
an attempt to obtain the optimal navigation path holistically by
considering relevant environmental conditions and conforming
to COLREGS. In this paper, we discuss the performance of
the algorithm and the consistency of its results. The remainder
of this paper is organized as follows. Section 2 explains the con-
cept and method of assessing the risk of collision. Section 3 de-
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scribes the proposed PSO-based path-planning algorithm. Traffic
scenario simulation results are discussed in Section 4. This
study is summarized in Section 5.

II. COLLISION RISK ASSESSMENT FOR SHIPS

In open waters, the distance between ships is much greater
than the size of ships. Thus, all ships can be simulated as moving
points in this context. The ship under direct control is denoted
as the “own ship” (OS); any ship other than the OS is denoted
as a “target ship” (TS). An AIS can provide static information
(e.g., name, length, draft, and call sign) and accurate real-time
dynamic information (e.g., course, speed, position, and relative
distance) about the ship in real-time navigation. An ARPA can
supply maneuvering information, closest point of approach (CPA),
time to the closest point of approach, and other navigational in-
formation. Therefore, this study assumes that all ships in the si-
mulations can obtain real-time collision avoidance information.
Assessment of collision risk has two steps: the first step is to
determine the type of encounter between the OS and the TS; the
second step is to calculate the dimensions of the ship domain
around the TS as necessary.

1. Classification of the Encounter Situation

COLREGs regarding encounters in open water with effective
visibility were analyzed in terms of navigational practices; the
encounter situations covered by COLREGS can be divided into
three types, of which each type has its own constitutive require-
ments. The encounter situations are classified as follows:

(1) Overtaking: A ship shall be deemed to be overtaking when
coming up on another ship from a direction more than 22.5°
abaft its beam. By rule 13 of COLREGS, an overtaking en-
counter between two ships must meet the following three
conditions:

a. The overtaking ship is located in any direction more
than 22.5° abaft the beam of the front ship.

b. The overtaking ship is located within the visibility range
of the stern light of the front ship (i.e., relative distance
between two ships < 3 nm).

c. The speed of the overtaking ship is higher than that of
the front ship.

The region used to determine the overtaking encounter is

region C, as illustrated in Fig. 1. If the OS is overtaking

the TS, the OS must stay out of the path of the TS.

(2) Head-on: Two ships shall be deemed to be in head-on encoun-
ter when they are meeting on reciprocal or nearly reciprocal
courses in a manner that involves some risk of collision.
By rule 14 of COLREGS, a head-on encounter between two
ships must meet the following two conditions:

a. Two ships are meeting on reciprocal or nearly reciprocal
courses.

b. These two ships are at risk of collision (i.e., relative dis-
tance between two ships < 6 nm, DCPA (Distance to the
Closest Point of Approach) < 0.5 nm, and each is within
approximately 6° of the other).

Crossing Crossing

D B

g

Fig. 1. Regions used to classify encounter situations.

The region used to determine the head-on encounter is re-
gion A, as shown in Fig. 1. If two ships are in a head-on
encounter, each shall alter its course to starboard so that
each shall pass on the port side of the other.

(3) Crossing: Two ships shall be deemed to be crossing when
their paths are crossing in a manner that involves some risk
of collision. By rule 15 of COLREGS, a crossing encounter
between two ships must meet the following two conditions:
a. The paths of two ships are crossing.

b. These two ships are at risk of collision (i.e., relative dis-
tance between two ships < 6 nm and DCPA < 0.5 nm).
The region used to determine the crossing encounter is re-
gion B or D, as shown in Fig. 1. If two ships are in a cross-
ing encounter, the ship that has the other on her starboard
side must stay out of the path and shall, if the circumstances
of the case admit, avoid crossing ahead of the other ship.

2. Modeling of the Ship Domain

Earlier research introduced the concept of CPA based on the
principle of geometric collision avoidance to assess the risk of
collision for ships. To directly demonstrate collision risks on
environmental maps, most path-planning algorithms define some
ship domain around an obstacle to indicate the risk of collision.
The concept of a ship domain was first presented by Fujii and
Kenichi, who proposed an ellipsoidal ship domain with the OS
at the center in a manner suitable for restricted waters (Tam
et al., 2009). Since this, numerous studies have proposed ship
domains with different shapes and dimensions based on ap-
proaches such as statistical analysis (Pietrzykowski and Uriasz,
2009), functional analytic methods (Szlapcynski, 2006b; Wang
et al., 2009), and artificial intelligence methods (Pietrzykowski,
2008; Wang, 2010). A ship domain can be influenced by many
factors (e.g., ship type, length, course, speed, maneuverability,
encounter type, and marine environment conditions), most of
which change dynamically in real-time marine environments.
Hence, it is unrealistic to use a constant ship domain to assess
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Table 1. Shapes of the ship domain for different encounter

types.
Shape Condition

Circular Encounter type = Overtaking and Vg < Vg

Nothing Encounter type = Overtaking and Vrzg- Vg
Half-elliptical Encounter type = Head-on
Half-elliptical Encounter type = Crossing

Circular Static obstacle

Nothing Safety

collision risks and planned paths in real-time navigation. There-
fore, Tam and Bucknall (2010) proposed a dynamic ship domain
around a TS that varies with ship type, speed, encounter type,
marine traffic environment, and other parameters.

This study develops the Tam and Bucknall’s ship domain to
assess the collision risk. First, according to the type of en-
counter as well as the relative speed of the OS and the obstacle
of concern, the shape of the ship domain is determined, as listed
in Table 1. Then, the dimensions of the ship domain are calcu-
lated from the speed of the TS, the minimum safe distance be-
tween the OS and TS, and other factors related to the ship and
environment conditions.

For an overtaking encounter between the OS and a TS (the
speed of the TS is less than or equal to the speed of the OS) such
that the state of the TS is static, the ship domain around the TS
is circular. R is the radius of the circular safety domain, and is
computed as follows:

Vis XSor > D,

min *

VxS )
Rc:{ s XSor I (1)

D_. otherwise;

min

where V7 (0 when the TS is static) is the velocity vector of the
TS; Sor (1.0 min in the general case) is the scaling factor of the
safety domain for the overtaking encounter, which is introduced
to customize the dimensions of the safety domain; and Dy, is
the minimum safe distance that must be maintained between
the OS and the TS (0.25 nm based on the distance covered by
the TS travelling at 30 kn in 30 s). Because the speeds of most
ships are not more than 30 kn, the 30-s time interval is consid-
ered sufficient for most collision avoidance maneuvers.

For head-on encounters and crossing encounters, the safety
domain is half-elliptical; it is elliptical at the fore section and
circular at the aft section of the TS. The dimensions of this half-
elliptical area are determined by the semimajor axis and semiminor
axis of the ellipse. A is the semimajor axis of the halfelliptical
area, which can be computed as follows:

_ VTS X SEA + SSI > Dmin ’

2

E

{Vrs XS+ Sy if

D_. otherwise,

min

where Sk, (1.0 min) is the scaling factor of the semimajor axis,
which depends on the type of encounter and Sg; (0.15 nm in this

algorithm) is the space interval variable of the path-planning
algorithm, which is half of the distance between the adjacent
waypoints on the Y axis in the environmental map of the PSO
algorithm. Thus, a large space interval provides a slightly en-
larged safety area to offset the space delay. Bg is the semiminor
axis of the half-elliptical area, as well as the radius of the semi-
circular area, which is calculated as follows:

Ry +Sg, if Ry+Sg>D..,
B. = B N B N (3)
" b

 in otherwise;
where Rjp is the safety area’s aft-section radius without con-
sidering the space interval, which is computed as follows:

Vg *Sgp <D,

max

R, =

VTS ’ SEB f
{ l @

2R, ~Vys Sy

otherwise;,
where Sk (1.0 min) is the scaling factor of the semiminor axis,
which is similar to Sgy, and R 1S the maximum allowable
radius that limits the range of the safety area on the side and stern
sections, which is defined as 0.5 nm and depends on the ma-
neuverability of the TS. At low Vs, the output of R function
increases with speed. Due to the high maneuverability and the
low inertia at any low speed of the ship, the TS can easily turn
in any direction. For high V7, the value of Ry decreases with in-
creases in speed. This can account for the weak turning ability
of the TS to the side and aft directions at high speeds.
Although different ships have different characteristics and
maneuverability, for simplicity, all ships were assumed to have
the same dynamic properties in this study. Therefore the va-
lues of the parameters used in this paper were based on educated
guesses for the performance of a typical 10-t ship.

3. Simulation of the Ship Domain

According to the aforementioned analysis, ship domains for
three types of encounters can be calculated using the proposed
method. For an overtaking encounter, circular safety domains
can be determined using MATLAB, as shown in Fig. 2. For low
Vrs (£ 0.25 nm/min), the radius of the circular safety domain is
equal to the minimum safe distance. However, when V7> 0.25
nm/min, the radius of the circular safety domain grows linearly
with Vrs.

For the head-on and crossing encounters, half-elliptical safety
domains are shown in Fig. 3. For low V7, A and Br increase with
Vrs; thus, the safety domain is circular. For Vr7g> 0.5 nm/min,
Ap, increases and By decreases until reaching D,,;,. Therefore,
the fore section of the safety domain becomes elliptical, the aft
section remains circular and decreases with the radius. For high
Vs, Ar continues to increase according to the magnitude of Vs,
but B remains at D,;;,. The minor axis of the safety domain has
a radius similar to that of the aft section. Thus, the safety do-
main always has a continuous boundary.

The aforementioned ship domain was inspired by the work of
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Simulation of circular safety domains.
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Fig. 3. Simulation of half-elliptical safety domains.
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Tam and Bucknalls. For the PSO algorithm, some parameters
(i.e., Ss; and R..x) have been altered so that the dimensions of
the safety domains are slightly different from those proposed by
Tam and Bucknalls. All the parameters can be altered to fit with
the changes in ship characteristics, environmental conditions,
or human factors.

III. PATH-PLANNING ALGORITHM FOR SHIPS

A two-dimensional space was adopted in this study, in which
the real-time data for the OS and TS were defined. The navi-
gation path can be discretized into a number of linear segments
by division into equal segments from the start to the destination.
At each segment, the OS must provide a safety domain that is
defined in the aforementioned ship domain model around the
TS. The velocity vector of the TS is assumed to be constant due
to the instantaneous navigation path in this study. By rule 8 of
COLREGS, substantial alteration of course alone may be the
most effective action for sufficient sea-room to avoid a close-
quarters situation provided that it is made in a short time, and
does not result in another close-quarters situation. Thus, the
speed of the OS was assumed to be constant. The course of the
OS can be altered to avoid a collision with the TS.

1. Building the Environmental Map

Although collision risk is not explicitly defined in COLREGS,
it is generally considered that no risk of collision exists if two
ships are separated by 6 nm. Therefore, the domain of interest
in this paper is limited to the area within a 6-nm radius of the OS.
The environmental map is constructed with the initial point of
the OS as the origin in the Y-axis direction, according to initial
positions and velocity vectors of the OS and TS, and the
destination of the OS, as shown in Fig. 4. The task of path plan-
ning is to search for a set of waypoints in the environmental
map to obtain the shortest path, which enables the adjacent points
and their connecting lines to avoid the TS and its safety domain.
P is a set of waypoints, defined as follows:

P:{Sﬂpl’pZ""’pD’F} 5

where S is the start point of the OS, F is the target point of the
OS, and p, is a waypoint in the path. The line SF is equally di-
vided into D + 1 segments, where the perpendicular of the line
SF is constructed through each equal division point. Random
points (i.e., p; to p,) that are selected in order on perpendiculars
of the line SF compose the set P together with S and F. Due to
the equidistance between waypoints on the vertical axis, the
path can be uniquely determined by the vector X consisting of
the horizontal coordinates of the waypoints, defined as follows:

X:{xs,xl,xz,...xD,xF} (6)

2. Description of the Particle Swarm Optimization
Algorithm

F
5 o
4}
£s
>
2
1
0 . . Sl 08 . .
-3 2 -1 0 1 2 3
X (nm)

Fig. 4. Environment map.

PSO is a population-based stochastic optimization algorithm
proposed by Kennedy and Eberhart in 1995 that was inspired
by the social behavior of birds flocking or fish schooling. Com-
pared with genetic algorithms, PSO is easier to implement and
requires fewer parameter adjustments. When dealing with an op-
timization problem by using PSO, each potential solution, called
a “particle,” flies in the problem space looking for its optimal po-
sition (similar to the process by which a flock of birds searches
for food). As time passes, each particle adjusts its position accord-
ing to its own experiences as well as the experiences of neighbor-
ing particles.

In this paper, it is assumed that the dimension of the search
space is D, and the number of the particles is n. The PSO sys-
tem is initialized with a population of random particles, where
the vector X; = {x;1, X, ..., Xip} represents the position of the i
particle. Moreover, each particle is assigned a randomized ve-
locity with vector V; = {v;;, v, ..., vip}. Each particle is eva-
luated according to its fitness, which is explained in detail later.
By comparing the fitness values, the best solution for each par-
ticle is denoted p., and the best solution for the whole particle
swarm is denoted gy.; pb; = {pi1, P2, ---, Pip} 1S the position of
the best solution that has been achieved so far for the i par-
ticle. The position of the overall best solution obtained so far
for the particle swarm is represented as gb = {gy, g, ..., gp}-
At each time step, each particle updates its position according
to the following formulas:

Vg @+ D) =wv, () +cr(py (1) —x, (1))

(7
+e,1 (g (1) —x, (1)

x,t+)=x,)+v,(t+]),1<i<n 1<d<D (8)
where c| and ¢, are the acceleration constants that pull each par-
ticle toward p,, and g,, respectively. Because of prior experience
with this implementation of PSO, we set the acceleration con-
stants equal to 2.0 for most applications. »; and r, are random
functions with the range [0,1]. w is the inertia weight specified
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by the user and can control the effect of the previous value of
particle velocity on its current one. A large inertia weight com-
pels particles to search new areas (global searching) whereas a
smaller inertia weight compels particles to search the current
area (local searching). In this paper, the inertia weight is defined
as follows:

w=1--S )

gmax

where g. is the current iterative time and g, is the maximum
iterative time.

To prevent the particles from moving beyond the problem
space, the range of the particle position on each dimension is
set to [ Xmin, Xmaxl, and the range of the particle velocity on each
dimension is set to [-Vinax, Vmax)- 1f the position or velocity cal-
culated using the aforementioned equations exceeds the range
on that dimension, the position or the velocity on that dimension
is limited to the boundary value.

3. Realization of PSO for Path Planning

Assume that the path P = {S, py, p», ..., pp, F'} represents a
solution for path planning, where the midpoints p(i=1,2, ..., D)
compose a particle. Then, x(i =1, 2, ..., D) is the position of
the particle in the i dimension. The path planning task is to
shorten the length of the path to obtain the optimized path and to
avoid any potential collisions with other ships or obstacles. There-
fore, the fitness function of each particle is defined as follows:

l:\/(xl_xs)z"'(yFD:_ylsj +;\/(xi+1_xi)2+(yFD_+ylsj (10)

D+2-D,,
— nui 11
— (11)

/

where / is the length of the path; (x5, ys) and (xr, yr) represent
the coordinates of the start point and the goal point, respectively;
fis the fitness of the particle; and D,,,; represents the number
of invalid path segments (i.e., where the OS collides with or is
in the safety domain of the TS). The higher the fitness value is,
the better the solution is.

The implementation process of the PSO algorithm is described
as follows:

(1) Initialize a population of particles with random positions
and velocities on D dimensions in the problem space. Each
particle’s historic optimal position py,; is its initial position.
Calculate the fitness value of each particle according to the
aforementioned equations, and label the particle with the
maximum fitness value as gy

(2) Update the velocity and position of each particle according
to Egs. (7) and (8).

(3) Calculate the fitness value of each particle according to
Egs. (10) and (11), as shown in Fig. 5.

At the start waypoint

| Determine the encounter type |

4>| Compute the ship domain of TS |

Is OS in the ship domain? |»YES+| Dypuit = Dyt + 1
T

NO
h 4
Go to next point |%NO~| Is this the goal point? |<7

T
YES

Calculate the fitness

Fig. 5. Calculation process for the fitness of each particle.

(4) Compare the particle’s fitness value with that of py,,. Ifits
current fitness value is better than that of p., then set pj,’s
fitness value to the current fitness value, and set pj.,’s lo-
cation to the current location in the D-dimensional space.

(5) Compare the fitness value with the value of g, If the cur-
rent fitness value is better than g, then reset gy, to the
current particle’s value.

(6) Repeat step (2) until the user-defined stopping criterion has
been met.

IV. SIMULATION

1. Traffic Scenarios for Simulation

The set of traffic scenarios was based on real-world incidents
of two ships meeting, such that a single obstacle collided with
the OS from various directions. According to the classification
of the encounters and the real-time marine traffic environment,
four traffic scenarios were designed to test the path-planning
algorithm as listed in Table 2.

All the traffic scenarios were set up with a convergent bear-
ing, such that the OS would collide with the TS if the OS were
not to change its course. The position and velocity of the TS were
measured relative to the initial position of the OS, which was
set to be at the point (0,0) in the coordinate system. Scenario 1
simulated a head-on encounter, where the velocities of the OS
and TS were exactly opposite. Scenario 2 simulated an overtak-
ing encounter with the same courses and different speeds between
the OS and TS. Scenario 3 simulated a crossing encounter with
different courses and different speeds. Scenario 4 tested a col-
lision between the OS and a stationary ship or static obstacle.
Fig. 6 illustrates the initial states of the OS and TS for all
traffic scenarios.

2. Simulation Results

The traffic scenarios were simulated in MATLAB run on an
Intel core 17 processor at 3.40 GHz (8 cores) with 4 GB of RAM
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Table 2. Traffic scenarios.

(ON TS
Scenario . . i i . . . . Encounter type
Initial position (nm) velocity (nm/min) Initial position (nm) velocity (nm/min)
1 [0,0] [0,0.5] [0,6] [0,-0.5] Head-on
2 [0,0] [0,0.6] [0,2] [0,0.2] Overtaking
3 [0,0] [0,0.5] [3.3] [-0.5,0] Crossing
4 [0,0] [0,0.5] [0,3] [0,0] Static
6 Scenario 1 Scenario 2
Fl « TS’ F
51
41
E s
>~
2+ ¢ < TS
1}
0 ) ) SA <« 0S|, SA <08,
6 Scenario 3 Scenario 4
F F
51
41
g 3
£ <9 < TS " ¢ < TS
>
2t
1t
0 . . S« 08, . . . SA <« OS, .
3 2 -1 0 1 2 3 -3 2 -1 0 1 2 3
X (nm) X (nm)

Fig. 6. Traffic scenarios.

using Windows 7. Parameters of the PSO were set as follows:
n=20,D=19,¢ =c, = g, =1000

The simulation results of the PSO algorithm for these four
traffic scenarios are presented in Fig. 7 and Table 3. To verify
the output compatibility of this algorithm with the optimal path
of the OS and the path of the TS, the roles of the OS and TS in
scenarios 1-3 can be reversed.

Scenario 1 was constructed to test the head-on encounter, in
which the OS and TS have the reverse roles under the same
traffic scenario. Therefore, the path of TS can be obtained by ro-
tating the path of the OS under the TS scenario. Both ships per-
formed maneuvers that complied with COLREGS rule 14 (i.e.,

both passed port to port for a head-on encounter).

In scenario 2, the OS was overtaking the TS from the stern.
Only the OS was maneuvering according to COLREGS rule 13,
namely that the overtaking party should stay out of the path of
the vessel being overtaken. Rule 13 does not explicitly specify
on which side the ship should overtake. Hence, both starboard
and larboard maneuvers can be allowed in the algorithm. How-
ever, the TS always maintains its course, to avoid confusion with
the overtaking party.

Scenario 3 was constructed to evaluate the crossing encoun-
ter, and the algorithm conforms to COLREGS rule 15 for both
the OS and TS. The combined paths of the two ships are shown
in the results of scenario 3. COLREGS rule 15 states that any
OS that has a ship approaching from its starboard side should
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Table 3. Simulation results.

Scenario Encounter type The optimal path length (nm) DCPA (nm) execution time (sec)
1 Head-on 6.1394 1.2924 18.05
2 Overtaking 6.0210 0.2500 16.98
3 Crossing 6.2065 0.6500 18.13
4 Static 6.0209 0.2500 14.89
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Fig. 7. Algorithm outputs for traffic scenarios.

maneuver and avoid passing ahead of the other party, when the
other party (TS) is maintaining its course.

In scenario 4, the TS is in a static state as a obstacle. Thus,
only the OS has an optimal path in the output for scenario 4.

The relative distances between the OS and TS for four traffic
scenarios are depicted in Fig. 8. In general, the algorithm can
generate the optimal path, on which the OS can stay a safe dis-
tance away from the TS. Due to the high relative velocity, sce-
nario 1 (the head-on encounter) had a high minimum relative
distance, to ensure enough space for collision avoidance. The
smallest relative distance occurred in scenarios 2 and 4 (the
overtaking encounter and static state) because the relative ve-
locity was lower in those scenarios.

3. Discussion
The proposed PSO-based path-planning algorithm produced

satisfactory results for dynamic and static obstacles; those re-
sults were consistent with COLREGS. In addition, considering
the algorithm output compatibility from other perspectives, the
output for the dynamic obstacle was produced by reversing the
roles of the OS and TS under the same traffic scenario; the al-
gorithm is suitable for both centrally managed and indepen-
dently executed navigation systems.

The algorithm outputs illustrated in Fig. 7 were selected from
recorded outputs for each traffic scenario; the algorithm consis-
tently performed similar maneuvers around the same location.
However, the PSO algorithm was difficult to control in terms
of its output consistency due to the lack of any restricted con-
dition in its fitness function. Moreover, the ship domain that
evaluates the encounter type and collision was only used to de-
termine whether the OS was on a collision course or supposed
to yield. Therefore, this algorithm lacks consistent guidance and
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Fig. 9. Ten repeated outputs for scenario 1.

the OS can either perform a starboard or larboard maneuver
to avoid a collision. Ten outputs for scenario 1 are shown in
Fig. 9(a), where six navigation paths are repeated on the star-
board side and four paths are on the larboard side. Thus, the
range of the particle position was reduced to limit the search
space on the starboard side of TS, such that the algorithm was
forced to output an appropriate maneuver according to the
COLREGS. This improved the consistency of the algorithm.
Scenario 1 was simulated ten times with this method. The al-
gorithm outputs are presented in Fig. 9(b), where all runs of the
algorithm performed a starboard maneuver to yield on the star-
board side.

With the regard to computational efficiency, MATLAB R2014a
was the environment that executed the routines ten times for
each scenario; the average computational times for path plan-
ning for each scenario are presented in Fig. 10. Compared with
the path planning for other scenarios, the path planning for sce-
nario 3 required more time under the same conditions, because
it used a higher number of iterations in search routines. How-

[\
(=]

—_
[ee}
T

_ =
~

12 +

Computation time (sec)

Scenario

Fig. 10. Average computational time for path planning of each scenario.

ever, most runs of path planning for each scenario returned the
optimal navigation path within a limited number of iterations.
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V. CONCLUSION

In this paper, a novel method of fractional steps is proposed
to solve the collision avoidance problem for surface ships in open
water. This method considers many crucial aspects in real-time
navigation that have been neglected by published studies, such
as navigation path optimization in a general traffic scenario, en-
vironmental conditions, and conforming to COLREGS. The
design of this method is based on PSO, and is divided into two
steps: First, the ship domain model is formalized to assess the
collision risk between the OS and TS; next, the PSO algorithm
is adopted to obtain the shortest path from the start point to the
goal point in the environmental map. Simulation results have
shown that the algorithm is capable of consistently obtaining an
optimized, collision-free, COLREGS-compliant, and practical
navigation path for all simulated traffic scenarios.

Because ship collision avoidance requires the OS to actively
maneuver but also requires the TS to execute the correspond-
ing maneuver, the compatibility and consistency of the algorithm
outputs were tested and were proven to be adequate. In addi-
tion, the computational efficiency was evaluated and verified as
satisfactory. Furthermore, through parallel computation or ap-
plication of high-performance computers, the computational
time for path planning can be further reduced. Therefore, the pro-
posed path-planning algorithm enables the planning of real-time
navigation paths. Path planning involving multiple obstacles is
not addressed in this paper, but it will be studied in future work.
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