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Abstract: In this paper, a decision-making model suitable for the collision avoidance (CA) of numer-
ous target ships (TSs) is proposed, based on the principle of ship collision avoidance geometry and
the characteristics of numerous target ships’ collision avoidance at sea. To ensure that the collision
avoidance behaviors of own-ship (OS) are subject to the International Regulations for Preventing
Collisions at Sea (COLREGS), this paper gives full consideration to the requirements of COLREGS
within the scope of CA action and the time of collision avoidance. A ship CA simulation is established
based on the Mathematical Modeling Group (MMG) model. To optimize the CA decision-making
model, the influence of hydrodynamic force on steering time required to reach the new course is inte-
grated into the collision avoidance simulation system. The simulation results show that the method
can quickly and effectively determine a collision avoidance decision under the complex situation of
numerous target ships and static obstacles, and it can consider the unpredictable strategies used by
other vessels.

Keywords: maritime safety; autonomous ship; ship collision avoidance; numerous target ships

1. Introduction

In recent years, with the rapid development of artificial intelligence, the route planning
and collision avoidance research of uncrewed surface vessels (USVs) has also attracted
broad attention [1]. The automatic collision avoidance path planning of ships has grad-
ually transitioned from the initial classical mathematical theory to the theory of artificial
intelligence algorithms [2], such as the ant colony algorithm [3], genetic algorithms [4,5],
the artificial potential field [6–8], the particle swarm algorithm [9], and other artificial
intelligence algorithms.

Optimal path planning is an important problem of automatic CA. Zeng [10] used
a genetic algorithm to encode the solution to the problem into a finite-length string and
constructed the gene using the position and speed of OS, tides, winds, waves, and other
factors to observe the shortest path in the collision avoidance process. Wilson et al. [11]
proposed a reverse sight line navigation method to analyze the relationship between the
nearest approach point and the warning distance. The method is an extension of the basic
principle of traditional missile proportional navigation that derives acceleration commands.
Xia et al. [12] proposed a local path planning algorithm for USV collision avoidance based
on the speed obstacle method and improved quantum particle swarm optimization. The
collision avoidance model not only considers the speed and heading of the USV, but
also handles the variable speed and heading of obstacles. Guo et al. [13] established a
submarine search planning model that simultaneously optimizes the direction and speed
of the uncrewed surface craft. The USV detection model is realized through the underwater
sonar search principle. The improved genetic algorithm is used to maximize the cumulative
detection probability. Three factors are used to control the direction and amplitude of the
mutation adaptively to improve the convergence speed of the algorithm.

Although the above papers solve different problems in ship collision avoidance and
path planning in different ways, there are still some shortcomings. For example, Ref. [10]
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only considers collision avoidance between ships and ignores collision avoidance rules.
Refs. [11–13] only consider collision avoidance rules, and their simulation results only
consider collision avoidance between two ships.

The following papers have further solved the problems in the above-mentioned ship
CA path planning issue. Singh et al. [14] and Xie et al. [15] introduced an ant colony
algorithm to solve the combination of global and local path planning problems. The ant
colony algorithm can solve the problem of global and local path planning well, but it still
has the disadvantage of a long search time. Wang et al. [16] used artificial potential field
(APF) and solved the problem of the local and global path planning of real-time ships by
combining fuzzy logic to avoid collision in real-time. Although the APF model is easy to
build, it can easily fall into local extreme values, leading to frequent turning. Lyu [17] also
used the modified artificial potential field method to study multi-ship collision avoidance,
and realized local path planning, but did not consider the impact of ship turning time
during collision avoidance. Lee [18] proposed an automatic collision avoidance method
for ships based on artificial potential field and fuzzy logic, considering COLREGS, and
the complex environment of avoiding static and mobile obstacles. Ning Jun et al. [19]
used the genetic algorithm to build a fitness function that covers navigation experience,
collision avoidance rules, and navigation economy. Combined with the spatio-temporal
ship collision risk, they verified the effectiveness of the algorithm through multi-ship
collision avoidance. They did not consider the problem of static obstacles in multi-ship
collision avoidance. Jiang L.L. [20] used reinforcement learning to study ship path planning,
divided the eight nautical miles around the OS into eight-by-eight grids, and used the
multi-perceptron method. The simulation results apparently conflict with the collision
avoidance rules.

In this paper, the requirements of COLREG are fully considered. A ship CA decision-
making model is established according to the geometric theory of ship collision avoidance.
Several situations for OS and TSs were simulated. Compared with the above papers, the
CA decision-making model established in this paper has the following advantages:

(1) In full consideration of the requirements of COLREGS and good seamanship in
relation to action content, action time, and resume time, the model established in this
paper is consistent with the CA habits of seafarers at sea. For example, in case of a
head-on situation where OS turns to the starboard and passes TS on the port side;

(2) The automatic collision avoidance algorithm established in this paper calculates the
risk of collision (DCPA and TCPA) of TSs within a certain range around OS at the same
time, and on this basis, after comprehensive analysis of CA measures for each TS that
has risk of collision, gives comprehensive CA measures which have fewer times of
turns. This is consistent with the requirements of “ . . . a succession of small alterations
of course and/or speed should be avoided” which is contained in paragraph 2 of rule
8 of COLREG;

(3) The model established in this paper considers numerous target ships simultaneously
and provides a collision avoidance decision in a single measure to avoid numerous
target ships simultaneously, which is more conducive to enabling mariners on other
vessels to judge one’s intentions.

2. A Mathematical Model for the Motion of OS

An earth-fixed coordinate system and a body-fixed coordinate system as shown in
Figure 1 were established to analyze OS’s motion. The earth-fixed coordinate system takes
a point on the earth as the coordinate origin, with the north direction as the Xe direction,
the east direction as the Ye direction, and the vertically downward direction as the vertical
axis direction. The fixed coordinate system is generally used to indicate the position and
speed of OS on the earth. The origin of the body-fixed coordinate system is at the center of
gravity of OS. The bow direction is the x direction, and the starboard abeam direction is the
y direction, which is used to indicate the total external force and speed of OS.
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Figure 1. Two-coordinate systems. XeOYe is the earth-fixed coordinate system and xoy is the body-
fixed coordinate system. ψ represents the course of the OS.

The transformation of position in two-coordinate systems is shown in Equation (1):

[Xe, Ye] = [x, y]× A + [X0, Y0] (1)

where:

A =

[
cos(ϕ) − sin(ϕ)
sin(ϕ) cos(ϕ)

]
2.1. Mathematical Model of Ship Manoeuvring

In this paper, to analyze the influence of ship hydrodynamics on steering time needed
to reach a new course in the process of collision avoidance, a mathematical model of ship
motion based on the MMG model is established, which considers the surge motion, sway
motion, and yaw motion of OS. The calculation of forces and moments on OS is shown in
Equation (2). 

X = (m+mx)
.
u− (m+my)vr

Y = (m+mx)
.
v− (m+my)ur

N = (Izz + Jzz)
.
r

(2)

where X and Y are the total forces in the x and y directions, respectively. N is the moment
at the z-axis through the center of gravity of ship. These external forces and moments are
expressed in succession as Equation (3):

X =XH + XP + XR
Y =YH + YR
N =NH + NR

(3)

The subscripts H, P, and R represent the hull, propeller, and rudder components, respectively.
The steering time required in the process of CA can be calculated by Equations (4) and (5).

∆ϕ =

t2∫
t=t1

rdt (4)

∆t = t2 − t1 (5)

where ∆ϕ is the turning angle of OS, ∆t is steering time needed to new course.

2.2. Calculation for Non-Linear Hydrodynamic Forces

In collision avoidance at sea, ships are generally at a relatively high-speed stage [21]
and it is unlikely that the drift angle will be greater than 20 degrees. The calculation of
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the hydrodynamic force via the Kijima model is shown in Equation(6). The values of
hydrodynamic coefficients are given in Table 1.

XH = Xuuu2 + Xvvv2 + Xvrvr + Xrrrr
YH = Yvv + Yrr + Yvv|v|v + Yrr|r|r + Yvvrv2r + Yvrrvr2

NH = Nvv + Nrr + Nvv|v|v + Nrr|r|r + Nvvrv2r + Nvrrvr2
(6)

Table 1. Hydrodynamic coefficients for the simulation of a ship.

Coefficient Value

Xvv 1.3859 × 10−4

Xvr 0.8860
Xrr −1.2931
Yv −1.509 × 10−3

Yr −0.2089
Yvv −5.8358 × 10−3

Yrr 5.9217
Yvvr −0.2403
Yvrr −95.3038
Nv −1.856 × 10−6

Nr −1.9674 × 10−4

Nvv −7.1888 × 10−8

Nrr −0.0203
Nvvr −6.1036 × 10−4

Nvrr 0.1966

Generally, the propeller thrust can be described in terms of the longitudinal force of
the propeller, as given in Equation (7):{

Xp = (1− tP)T
T = ρDp

4n2KT(J)
(7)

The hydrodynamic forces and angular moment generated by the rudder can be ex-
pressed as Equation (8) below:

XR = −(1− tR)FN sin(δ)
YR = −(1 + aH)FN cos(δ)
NR = −(xR + aHxH)FN cos(δ)

(8)

where:
FN =

ρ

2
fa(Λ)ARU2

R sin(αR) (9)

In this paper, a container ship model was adopted, the parameters of which are shown
in Table 2.

Table 2. Particular principles for the simulation of a ship.

Coefficient Value

Length between perpendiculars 250 m
Breath 32 m
Draft 14.5 m

Coefficient of block 0.56
Diameter of propeller 7.1 m

Pitch of propeller 4.306 m
Number of blades 4

Aspect ratio of rudder 1.8592
Area of rudder 60 m2
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2.3. Track Control Algorithm of OS

When there is no collision avoidance behavior, the OS needs to be controlled on the
planned route. In this paper, the controller designed in document [22] is adopted to realize
the track control. The track control algorithm is shown in Equation (10),

δ = −0.0078× ∆d− 2.99× ∆C− (65.69 + 13.22× cos(∆C))× r + 62.76r3 (10)

where ∆d is the position deviation from the planed route and ∆C is the course deviation.

3. Collison Avoidance Decision
3.1. Principles of Ship Collision Avoidance Geometry

In the body-fixed coordinate system, the collision avoidance relationship between the
OS and the target ship is shown in Figure 2.
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Figure 2. The vectors of CA between vessels.

In Figure 2, point P3 is the position of the target ship TS1 at t3, P1 is the position of the
target ship at t1, inferred from the direction and speed of the target ship at t3, and t is an
arbitrary value. Point M is a virtual point established to represent the velocity vector of OS
and the velocity vector of the target ship, MP1 is the velocity vector of the OS, MP3 is the
speed vector of the target ship, and P1P3 is the relative speed vector of the target ship. Pn
is the closest point of approach. At this time, if the closest point of approach (Pn) between
the target ship enters the OS’s domain (see Section 3.2), this means the risk of collision is
significant. The OS needs to take measures to avoid the target ship. The measures taken
can be turning to starboard (turning angle is ∆ϕ1) or turning to port. In some situations,
we can only take measures to turn to starboard.

In the body-fixed coordinate system the relative bearing of the target ship can be
calculated according to Equation (11),

Br =


arctan( x

y ) + ε y 6= 0
π
2 x > 0, y = 0
3π
2 x < 0, y = 0

(11)

where x, y is the position of the target ship in the body-fixed coordinate system.

ε =


0 x > 0, y > 0
π y < 0
2π x < 0, y > 0
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The relationship between the OS’s speed, the target ship’s speed, and the relative
speed is shown in Equation (12).

⇀
Vt =

⇀
Vr +

⇀
Vo (12)

⇀
Vt,

⇀
Vr and

⇀
Vo, respectively, represent the true speed of the target ship, the relative

speed, and the true speed of the OS in the body-fixed coordinate system.

dcpa =
√

y2 + x2 × cos(
−

⇀
Vr

|Vr|
− Br) (13)

The target ship will pass OS’s stern when dcpa is negative.

Tcpa =

∣∣∣∣∣∣
√

y2 + x2 × sin(
−

⇀
Vr

|Vr|
− Br)

∣∣∣∣∣∣× |Vr|−1 (14)

Bcpa =
−

⇀
Vr

|Vr|
+ ξ (15)

where ξ =

{
π/2 dcpa < 0

3π/2 dcpa > 0
.

The turning angle of the OS can be calculated by Equation (16):

∆ϕ = arcsin((|Vr|+
∣∣V′r∣∣− 2× |Vr| ×

∣∣V′r∣∣ cos(
Vr

|Vr|
− V′r
|V′r|

))
0.5

× (2× |Vo|)) (16)

3.2. OS’s Domain

OS’s domain is an important part of the mathematical model of ship collision avoid-
ance. If other ships enter the domain of the OS, or there is a trend of the OS entering the
domains of other ships, it can be considered that the risk of collision between the two ships
is relatively high, and the collision avoidance algorithm of the OS needs to provide corre-
sponding collision avoidance measures. In open waters the ship domain can be set as a
circle (see Figure 2), while in restricted waters the ship field is generally set as an ellipse.
According to the mariner’s habits in the coastal waters, the shape of the ship domain in
this paper is an ellipse, and the OS is located at the center of the ellipse. The length of the
long axis of the ellipse is 8 times the length of the OS (L), and the length of the short axis
is 3.2 times the length of the OS. When the ship is sailing inside the port and in narrow
waters, the length of the long axis of the ellipse is 2 L and the length of the short axis is 1 L.
The size and shape of the ship field are shown in Figure 3.
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4. Discussion of the Requirements of COLREGS

Uncrewed ships and manned ships coexist at present and will do so in the future.
This is significant to both path following and COLREG-compliant collision avoidance [23].
When designing decisions for the collision avoidance of uncrewed ships, it is still necessary
to focus on the impact that the actions of this ship may have on target ships. According
to COLREGS, the collision avoidance action of uncrewed ships should be consistent with
the regular operation of the mariners after the risk of collision has arisen. The difference is
that on uncrewed ships, due to the diversity of perception modes between ships, detecting
target ships by sight will gradually be replaced, and the significance of “in sight of one
another” between ships will significantly decrease. Compared with human vision, sensor
vision has a longer detection distance and higher accuracy. As a result, taking “in sight
of one another” as the basis for collision avoidance actions between ships will lose its
significance, and it will become increasingly critical to divide collision avoidance situations
and take collision avoidance actions based on “not in sight of one another”.

The COLREGS are mainly based on whether the ships are “in sight of one another”.
The meeting situations between two ships are shown in Figure 4.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 19 
 

4. Discussion of the Requirements of COLREGS 

Uncrewed ships and manned ships coexist at present and will do so in the future. 

This is significant to both path following and COLREG-compliant collision avoidance [23]. 

When designing decisions for the collision avoidance of uncrewed ships, it is still neces-

sary to focus on the impact that the actions of this ship may have on target ships. Accord-

ing to COLREGS, the collision avoidance action of uncrewed ships should be consistent 

with the regular operation of the mariners after the risk of collision has arisen. The differ-

ence is that on uncrewed ships, due to the diversity of perception modes between ships, 

detecting target ships by sight will gradually be replaced, and the significance of “in sight 

of one another” between ships will significantly decrease. Compared with human vision, 

sensor vision has a longer detection distance and higher accuracy. As a result, taking “in 

sight of one another” as the basis for collision avoidance actions between ships will lose 

its significance, and it will become increasingly critical to divide collision avoidance situ-

ations and take collision avoidance actions based on “not in sight of one another”. 

The COLREGS are mainly based on whether the ships are “in sight of one another”. 

The meeting situations between two ships are shown in Figure 4. 

Overtaking

OS: stand on vessel

Crossing situation

OS: give way vessel

Crossing situation

OS: stand on vessel

Head on situation

Vessels forward the beam

Vessels aft the beam

Ts4

Ts4 Ts5

Ts1

Ts2

Ts3

Ts5

Ts1

Ts2

Ts3

 

(a) (b) 

Figure 4. The division of the situation between the OS and target ships from a different direction: 

(a) ordinary power-driven ships in sight of one another; and (b) two ships when not in sight of one 

another. 

Under the conditions of “in sight of one another”, if the OS and the target ship are 

regular power-driven ships, the meeting situation is generally determined according to 

the bearing at which the two ships meet (the arc range of the navigation light). When two 

ships pose a risk of collision at sea, turning measures are generally taken first to avoid the 

formation of a close-quarters situation, which meets the requirements of the rules for pre-

venting collisions. It also conforms to the standards of good seamanship: 

1. When the target ship is within the range of the OS’s stern light and can catch up with 

the OS, it is considered that the two ships are in an overtaking situation, as shown by 

TS4 and TS5 in Figure 4a. After forming a close-quarters situation, the OS can take 

corresponding measures, generally turning away from the target ship; 

2. When the target ship is entering into the light arc of the starboard-side lights of the 

OS, the courses are crossed and a risk of collision has arisen. When it is considered 

that the two ships are in a crossing situation the OS is the give-way ship. When taking 

corresponding measures, crossing the bow of the target ship is forbidden; that is, OS 

can turn starboard to pass through the stern of the target ship, such as TS1 in Figure 

4a; 

Figure 4. The division of the situation between the OS and target ships from a different direction:
(a) ordinary power-driven ships in sight of one another; and (b) two ships when not in sight of one another.

Under the conditions of “in sight of one another”, if the OS and the target ship are
regular power-driven ships, the meeting situation is generally determined according to
the bearing at which the two ships meet (the arc range of the navigation light). When
two ships pose a risk of collision at sea, turning measures are generally taken first to avoid
the formation of a close-quarters situation, which meets the requirements of the rules for
preventing collisions. It also conforms to the standards of good seamanship:

1. When the target ship is within the range of the OS’s stern light and can catch up with
the OS, it is considered that the two ships are in an overtaking situation, as shown by
TS4 and TS5 in Figure 4a. After forming a close-quarters situation, the OS can take
corresponding measures, generally turning away from the target ship;

2. When the target ship is entering into the light arc of the starboard-side lights of the
OS, the courses are crossed and a risk of collision has arisen. When it is considered
that the two ships are in a crossing situation the OS is the give-way ship. When taking
corresponding measures, crossing the bow of the target ship is forbidden; that is,
OS can turn starboard to pass through the stern of the target ship, such as TS1 in
Figure 4a;

3. When the target ship enters into the light arc of the port-side lights of the OS the
courses are crossing, a risk of collision has arisen, and it is considered that the
two ships are in a crossing situation. The OS is a stand-on ship that needs to maintain
its direction and speed. After the close-quarters situation forms, measures such as
turning to starboard could be taken, such as shown by TS3 in Figure 4a;

4. When the target ship comes into half compass points of the bow of the OS, the course
is reciprocal or nearly reciprocal and there is a risk of collision. It is here considered
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that the two ships are in a head-on situation and the OS should take measures to turn
to starboard, as shown by TS2 in Figure 4a;

5. When the two ships are in a situation of “not in sight of one another”, the collision
avoidance rules require the OS to take measures of “turn to the starboard” when the
target ship is coming from the direction of the forward abeam, such as shown by TS1,
TS2 and TS3 in Figure 4b. On the other hand, it should take measures of “turning to
the opposite direction against the target ships” when the target ship is coming abeam
and aft abeam, as shown by TS4 and TS5 in Figure 4b.

It can be seen from the comparison that whether in a situation of “in sight of one
another” or not, the OS can adopt the turning to starboard measure when the target ship is
forward abeam and port aft abeam, for example, TS1~TS4. For target ships in the starboard
aft abeam, the OS can adopt the left turning measure to avoid collision, as shown by TS5.

The modeling idea of this paper is that when there is no risk of collision with the target
ship, OS uses PID track control to instruct the OS to proceed on the planned route. The
algorithm flow of CA process is shown in Figure 5. When there is a risk of collision with
another ship:Sustainability 2023, 15, x FOR PEER REVIEW  10  of  19 
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First, judge whether there is a risk of collision between the target ship and the OS.
When the distance of the closest point of approach of the target ship is less than safe it can
be considered that there is a risk of collision. At this time, calculate the turning angle to be
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taken and the time to commence an evasive maneuver. The turning angle is calculated by
Equation (16). The time to commence an evasive maneuver is generally when the target
ship is four nautical miles to six nautical miles from the OS. When the OS is a stand-on ship
or overtaking another ship the time can be later, as appropriate.

Then, when the time to commence an evasive maneuver is reached, the OS will take
the corresponding turning measures. After turning, the course of the OS is controlled by a
PID controller. When the TS reaches the closest point of approach, the original PID track
control will be resumed, so that the OS will gradually approach the initial planned route.

5. Simulation of Ship Collision Avoidance Decision
5.1. Simulation and Analysis of Single Target Ship Collision Avoidance

The above collision avoidance strategy is adopted to simulate collision avoidance
between OS and a single target ship (the OS overtook the target ship (Figure 6a); the OS
was overtaken by the target ship (Figure 6b); the OS and the target ship formed a head-on
situation (Figure 6c); the OS and the target ship formed a crossing situation (Figure 6d)).
Figure 6e,f are the results of a collision avoidance situation simulated by the OS’s CA
algorithm when there was no collision risk between the OS and TS because the TS took
abnormal actions, resulting in a collision risk between the two ships at close distance.

1 
 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 
Figure 6. The trajectory of the CA simulation with a single target ship: (a) to overtake the target
ship; (b) to be overtaken by the target ship; (c) head-on situation; (d) crossing situation; (e) head-on
situation with stand-on vessel turning to port; and (f) crossing situation with stand-on vessel turning
to port.
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In Figure 6a, the speed of the OS is 12 kn and the speed of the target ship is 4 kn. The
elliptical ship domain model is used to represent the OS’s domain. The long axis is twice
the OS’s length, and the short axis is the OS’s length. The DCPA between the OS and the
target ship is 255 m. In Figure 6b, the speed of the OS is 6 kn and the speed of the target ship
is 12 kn. Since the target ship has not taken any action to avoid a collision, the model in this
paper adopts the collision avoidance strategy of turning to port (turning against the target
ship), and the DCPA between the two ships is 265 m. In Figure 6c, the OS and the target ship
form a head-on situation. Similarly, to take collision avoidance actions, the model in this
paper turns to starboard to avoid approaching ships and the DCPA between the two ships
is 250 m. In Figure 6d, the OS and the approaching ship on the starboard forward abeam
form a crossing situation. The OS is the give-way ship. According to the requirements of
the COLREGS, this model adopts the right turn collision avoidance strategy and the DCPA
between the two is 272 m. The result of the simulation shows that the model in this paper
can achieve collision avoidance that adhere to the requirements of COLREGs.

In Figure 6e, the OS and TS are in an approximate head-on situation. However, because
the initial DCPA of the two ships is 340 m neither of the two ships will enter the other ship’s
domain when proceeding according to their respective initial course (the ship’s domain
in the transverse direction is 250 m). During the process of approaching, the TS suddenly
turns to port at 300 s, and the TS quickly turns starboard at 300 s to avoid collision. Finally,
the TS does not enter the OS’s domain. In Figure 6f, the initial courses of the OS and TS
are crossing and the initial DCPA is about 450 m. According to the algorithm in this paper
there is no risk of collision between the OS and TS. At about 360 s the TS suddenly turns to
port, resulting in the DCPA of the two ships being reduced to about 150 m, and the risk
of collision is generated. The OS detects the risk of collision at 360 s and begins to take
measures. At about 370 s the course starts to increase. Finally, the TS does not enter the
OS’s domain. This shows that the collision avoidance algorithm is robust to the sudden
turning of the TS.

Figure 7 shows the curve of distance and time change between the single target ship
and OS under various working conditions.
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Figure 7. Distance duration curve between target ship and OS. (a) presents the distance duration
when OS overtake single TS; (b) presents the distance duration when OS is overtaken by a single TS;
(c) presents the distance duration when OS meet TS in head on situation; (d) presents the distance
duration when OS meet TS in crossing situation; (e) presents the distance duration when OS meet
TS in crossing situation and TS turns to port; (f) presents the distance duration when OS meet TS in
head on situation and TS turns to port.

Figure 8 shows the duration curve of the course when the OS avoids collision with a
single TS. It can be seen from Figure 8 that after the collision avoidance algorithm detects
that the DCPA of the TS is smaller than the OS’s domain, the OS can take the collision-
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avoidance measures of turning. The turning angle is about 10 degrees. In the two cases of
the sudden turning of the TS, the turning angle is more than 20 degrees.
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Figure 8. The OS’s course duration curve of CA with a single target ship; (a) presents the OS’s course
duration when OS overtake single TS; (b) presents the OS’s course duration when OS is overtaken by
a single TS; (c) presents the OS’s course duration when OS meet TS in head on situation; (d) presents
the OS’s course duration when OS meet TS in crossing situation; (e) presents the OS’s course duration
when OS meet TS in crossing situation and TS turns to port; (f) presents the OS’s course duration
when OS meet TS in head on situation and TS turns to port.

Figure 9 shows the duration curve of the DCPA when the OS avoids collision with
a single TS. It can be seen from the Figure 9 that after the OS takes collision-avoidance
measures, the DCPA of the two ships gradually increases. When the TS is finally passed
by and clear, the OS gradually recovers its course of advance and the DCPA gradually
decreases, without a risk of collision. In the two sets of simulations of the TS’s change of
course at close distance, the DCPA is 340 (head-on) and 450 m (crossing), respectively. With
the change of course of the TS the DCPA decreases to 50 m and 150 m, and a risk of collision
persists. After the OS takes the necessary measures the DCPA gradually increases.
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Figure 9. DCPA duration curve of CA with a single target ship; (a) presents DCPA duration when OS
overtake single TS; (b) presents the DCPA duration when OS is overtaken by a single TS; (c) presents
the DCPA duration when OS meet TS in head on situation; (d) presents the DCPA duration when OS
meet TS in crossing situation; (e) presents the DCPA duration when OS meet TS in crossing situation
and TS turns to port; (f) presents the DCPA duration when OS meet TS in head on situation and TS
turns to port.
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5.2. Numerous Target Ships’ Collision Avoidance Decision-Making

Compared with the single target ship, the numerous target ships’ collision avoidance
decision-making process is more demanding and complex, so it is necessary to consider the
requirements of COLREGs. Since the OS and each target ship have a set collision avoidance
measure and a time for taking such measures, to avoid collision with each target ship, if
the time for taking measurements overlaps, the collision avoidance measures need to be
unified. Therefore, this paper establishes a collision avoidance decision-making model for
multi-ship collision avoidance, shown in Figure 10.
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The process is as follows:
Step 1. At the relevant moment, calculate the collision avoidance measures and the

time for taking such measures for each target ship, respectively, and judge whether the
periods of collision avoidance measurement for each target ship overlap. If yes, the OS
needs to avoid colliding with numerous target ships at the same time. If there is no overlap,
jump to step (4) directly;

Step 2. For target ships’ overlaps in the times for taking measures, judge whether the
directions of the collision avoidance turning measures for each ship are consistent. If they
are consistent, take the maximum value of the turning amplitude and jump to step (4). If the
direction of the turning measures is inconsistent, select the turning to starboard measures
and proceed to step (3);
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Step 3. Judge whether the collision avoidance measures that meet the requirements
of turning starboard can meet the collision avoidance requirements of other ships. If they
meet the requirements, continue to step (4). If not, increase the angle of turning.

Step (4). Judge whether the measures to be taken will form a new risk of collision. If a new
risk of collision is formed, it is necessary to reduce the speed or further increase the range of
the collision avoidance measures. If it does not constitute a new risk of collision, judge whether
the current time is within the period for taking measures. If yes, take the measures;

Step 5. Judge whether the restart time has been reached. If so, judge whether the
restart measures form another collision risk. If not, restart. If so, return to step (1) after
calculating the measures to avoid risk of collision.

5.3. Simulation and Analysis of Numerous Target Ships Collision Avoidance

According to the above multi-target ship collision avoidance strategy, we simulated
the ship collision avoidance situation between the traffic separation schemes in Caofeidian
Port. Nine target ships were established. TS1 is a ship leaving Caofeidian Port that will
enter the eastern lane, and TS1 forms a crossing situation with the OS. TS2 is a westbound
ship following the traffic separation scheme. TS3 crosses the precautionary areas and will
enter the anchorage. TS4 is an inbound ship. TS5 is a ship anchoring at the anchorage. TS6
is a ship proceeding eastbound along the traffic separation scheme. TS7 is an inbound ship.
TS8 is a ship entering the anchorage through the traffic separation scheme. TS9 is a vessel
overtaking the OS. The OS is a westbound ship along the traffic separation scheme. See
Figure 11a for the initial positions of each target ship and the OS.

1 
 

 
(a) (b) 

 
(c) (d) 

 
Figure 11. The trajectory of CA simulation with numerous ships at different times.
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In the 61 s of the simulation, the model in this paper calculates that it is necessary to
avoid TS1, TS2, TS3, TS8, and TS9. Simultaneously, where TS1 and the OS form a crossing
situation, the OS is a giving-way ship, and TS1 is a stand-on ship. The OS needs to take
collision avoidance actions to give way to TS1 and cannot cross the bow of TS1 when
taking these measures. The meeting conditions are that OS overtakes TS2. According to the
COLREG rules, the OS can overtake from TS2′s port or starboard side. A crossing situation
is formed between the OS and TS3. The OS is a stand-on ship. At the current distance
(about 4600 m), the OS can also take avoidance measures but cannot turn left; TS8 and the
OS form a crossing situation. The OS is a stand-on ship, and the DCPA between them is
270 m. This ship can take avoidance measures; TS9 is a ship overtaking the OS, and the OS
is a stand-on ship. To increase the DCPA between the two ships, the OS can turn starboard
appropriately. Among them, the TCPA of TS2 is the smallest, and the model adopts the
collision avoidance strategy of turning starboard. However, after the OS takes this action a
new risk of collision may arise with TS4, TS5, and TS7. Therefore, the collision avoidance
decision should avoid posing a new risk of collision with the above three ships.

At 342 s, the OS was close to fully overtaking TS2. TS1 and TS3 had still not been passed
and cleared. The OS did not resume the planned route. It continued its course until TS1 and
TS3 were passed and cleared at 600 s. The OS returned to the planned route at 1014 s.

The time-varying curve of the DCPA between each target ship and the OS is shown in
Figure 12; the time-varying curve of distance is shown in Figure 13.
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Figure 12. DCPA duration curve for CA with numerous ships. (a–i) present the OS’s DCPA with TS1
to TS9.

Comparing the DCPA duration curves of TS1, TS2, and TS3 in Figure 12 and the
distance curve in Figure 13 we can see that the DCPA between the three ships increases
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significantly. We can conclude that the collision avoidance decision-making model can
solve the problem of simultaneous CA for numerous ships.
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Figure 13. Distance duration curve for CA with numerous ships. (a–i) present the distance between
OS and TS1 to TS9.

Figure 14 shows the duration curve of the OS’s course when the OS is avoiding
multiple target ships. The figure shows that after the CA algorithm takes collision avoidance
measures the actual course of the OS changes accordingly. After the target ships are passed
and clear, the OS’s course gradually recovers to the course of advance.
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6. Conclusions

Based on the geometric principle of ship collision avoidance, a ship collision avoidance
model is established for when numerous ships meet simultaneously. The model considers
the influence of ship hydrodynamics on the turning time, and simulates both single-ship
and multi-ship collision avoidance, showing the following:

1. The model can avoid collision with numerous ships simultaneously, with a short
operation time and robustness;

2. The collision avoidance measures calculated by the model can meet the requirements
of the COLREGS and are consistent with the common practice of seafarers;

3. The model established in this paper can be further examined at the time of taking
collision avoidance measures.
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