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Abstract: In order to quickly develop a multi ship collaborative collision avoidance plan in multi
ship encounter scenarios, a multi ship collision avoidance decision model is proposed in accordance
with the requirements of the International Maritime Collision Avoidance Regulations, taking into
account the collision avoidance operations in multi ship encounter scenarios. Firstly, the collision
risk between ships is determined by the closest encounter distance (DCPA) and closest encounter
time (TCPA). Secondly, a decision objective function is established based on rules, degree of ship
deviation, and ship risk. Finally, the prediction mechanism is used to calculate the minimum value
of the objective function and complete the collision avoidance decision. The simulation results show
that in the scenario of multiple ship encounters, the collision avoidance model can achieve safe
collision avoidance with a smaller steering frequency and a shorter collision avoidance time. The
proposed multi ship collision avoidance model can provide reference for collision avoidance
decision-making in multi ship encounter scenarios, which helps to improve the collision avoidance
efficiency in multi ship collision avoidance.

Keywords: rule constraints; meeting multiple ships; avoiding collisions; objective function

1. Introduction

With the development of the shipping industry, ships are gradually becoming larger/more
specialized, and the inland traffic environment is becoming increasingly complex. Although ship
driving technology is gradually improving, once a collision accident occurs, the impact on the
environment and economy still accounts for a large proportion of inland accidents.

In scenarios where multiple ships will encounter, in addition to considering relevant hazards
and collision avoidance measures, the collision avoidance decision system also needs to consider the
situation where the ship deviates from the original route, which requires calculating the collision
avoidance path of the ship. According to the results obtained from collision avoidance decision-
making and path planning, their research methods can be divided into two types [1]: deterministic
methods and heuristic methods. The deterministic method is a method of solving collision avoidance
decision-making problems that only exist in one future objective state and one optimal solution,
following a strictly defined calculation process, mainly including multi-agent bodies, expert systems,
etc; Heuristic method is to search for a decision solution that meets the design requirements within a
given search space. Compared with deterministic methods, the optimization results obtained include
a series of feasible solutions such as genetic algorithm, ant colony algorithm, particle swarm
algorithm, etc.

The determined methods include: Brcko [2] using fuzzy logic algorithm to establish a collision
avoidance decision system and determine a suitable collision avoidance decision plan. However, the
avoidance effect on target ships with relatively large relative directions and close distances is average.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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This decision-making method relies too much on expert knowledge and subjective experience,
making it difficult to achieve good results in multiple ship collision avoidance problems. Zhang [3]
proposed to analyze the collision avoidance action plan from the perspective of the ship and establish
a complete system of avoidance mechanisms, including conventional and emergency avoidance
decisions, in order to achieve the goal of dispersed collision avoidance decisions in situations where
multiple ships encounter. From a global perspective, the preceding ships have taken corresponding
avoidance measures, while the last ranked ship actually does not need to take any action, resulting
in an unreasonable division of avoidance rules. Hirayama [4] proposed using the Distributed
Stochastic Search Algorithm (DSSA) to achieve collaborative collision avoidance in multi ship
encounter scenarios, but did not consider rule constraints. Lu [5] proposed to divide the surrounding
area of the ship into four different levels of avoidance areas without considering the coordination of
ship avoidance actions. By modifying the repulsive market algorithm function, fast planning of
avoidance paths between multiple ships can be achieved. Kang [6] proposed a path planning method
for calculating the optimal collision free navigation path of ships based on the DE algorithm.
Simulation and experimental results show that the algorithm can generate a safe and suitable path
from various angles when multiple ships meet. Ha [7] proposed an improved method for the
quantitative calculation of CR in ship navigation, combining the advantages of two existing methods.
This method utilizes CPA to calculate CR and defines the ship domain as the critical value of CR to
ensure reliable collision avoidance. The results indicate that the proposed method can be used to
obtain quantitative CR for collision avoidance. Huang [8] proposed a human-machine interface based
collision avoidance system framework (HMI-CAS), which facilitates automatic collision avoidance
and allows operators to safely take over control of MASS. At the same time, simulation verification
was conducted on the proposed HMI CAS. The results indicate that the proposed system can share
decisions with operators. Zhen [9] proposed a comprehensive collaborative collision prevention
framework and developed a new collision prevention cost function. And use the proportional
integral derivative (PID) algorithm to adjust ship maneuvering based on the derived collision
avoidance decision. The results indicate that the proposed collaborative collision prevention
framework improves navigation safety and economic benefits while ensuring compliance. Lee [10]
developed a new standard for evaluating when standby vessels should take collision avoidance
measures, known as Calculate Distance at Collision (CDC). This result is calculated based on the
parameters of the ship, and this study helps determine the timing of actions taken by standing ships
to avoid collisions.

Heuristic method: Tsou[11] introduces dangerous area prediction technology on the basis of the
original genetic algorithm to meet the requirements of economy and safety, and obtain the globally
optimal avoidance path. However, the existence of avoidance danger between target ships leads to
unpredictable avoidance actions, and this method is no longer applicable. Lazarowska’s [12] method
for solving multi ship collision avoidance is to introduce the control time parameter into the
algorithm, but it does not consider the possible collision danger between target ships. Scholars have
developed deep reinforcement learning models suitable for multi ship encounter scenarios, but the
model structure is highly dependent on data and cannot meet the real-time requirements for collision
avoidance under changing location environments [13,14]. Wei[15] established an avoidance decision
model based on the danger immune algorithm, which is suitable for the optimal operation plan of
ships in the situation of two ships encountering each other. Zhang [16] proposed an Autonomous
Collision Avoidance Decision System (CADMS) suitable for ship motion uncertainty based on the
idea of Model Predictive Control (MPC). The proposed model can achieve safe navigation in collision
avoidance decision-making systems, and the results show that the decision-making system can
effectively respond to situations where multiple ships encounter target ships suddenly changing their
course or speed. Li [17] integrates human thinking experience into actual collision avoidance
decision-making and proposes an intelligent collision avoidance model that is more in line with the
operator’s understanding, thereby improving the credibility and autonomy of the model. In addition,
a performance evaluation model based on on-site theory was designed, which combines human
experience with algorithmic advantages to make optimal decisions in complex scenarios. The results
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indicate that the architecture can effectively play a role in various scenarios. Wang [18] studied the
collision avoidance system of autonomous ships in complex encounter scenarios such as busy ports.
Generate collision maps from complex and dynamic scenes as inputs for deep reinforcement learning
(DRL) and propose new reward functions to train DRL models to reduce collisions and ensure
compliance. Chun [19] proposed a path generation algorithm based on deep reinforcement learning
(DRL), compared it with the traditional path planning algorithm A * algorithm, and analyzed the
results in different scenarios. The results indicate that the proposed method reliably avoids collisions
caused by complex and unexpected changes through flexible paths. Rong [20] proposed a new
method for automatic identification of ship collision avoidance behavior based on an improved
sliding window algorithm. By studying four typical encounter scenarios, the feasibility and
effectiveness of the proposed method were demonstrated. This method can be applied to accurately
detect ship collision avoidance behavior from trajectory data of automatic recognition systems, and
can characterize collision avoidance behavior as the basis for ship collision avoidance decision-
making.

At present, scholars at home and abroad have conducted multiple studies on the issue of
automatic collision avoidance decision-making for ships. However, most of these studies are difficult
to directly apply to collision avoidance decision-making in scenarios where multiple ships intersect,
lacking consideration of rules and coordination issues among ships. In view of such issues, this article
establishes a ship collision avoidance model to resolve the conflict of avoidance operations in multi
ship collision avoidance. Firstly, the collision avoidance problem in rule-based multi ship encounter
scenarios is discussed. Then, an automatic collision avoidance model is established, which includes
collision risk assessment, encounter situation judgment, and objective function construction. Finally,
simulation experiments are designed to verify the effectiveness of the method in multi ship encounter
scenarios.

2. Problem Analysis

The main considerations for autonomous collision avoidance decision-making in multi ship
encounter scenarios are the real-time and rationality of the decision-making. Rapid response in
complex and ever-changing environments is a requirement for collision avoidance decisions. If real-
time performance cannot be guaranteed or decisions cannot be made within an acceptable range, it
will seriously affect the safety of ship navigation. Regarding the rationality of decision-making, it is
necessary to combine ship maneuverability and rules. In the rules, it is defined that in situations
where there is a risk of collision, the giving way ship should actively avoid the giving way ship during
the avoidance process; The ship being given way should also pay attention to the actions of the ship
giving way and take action to assist in avoiding the situation at that time. However, due to the
complexity of the actual navigation environment, it is difficult to describe all possible situations in a
regular form. For scenarios where multiple ships encounter each other, ships need to simultaneously
avoid multiple incoming ships. After taking avoidance actions against incoming ships with collision
risks, “giving way to ships” creates new collision hazards for nearby ships. We define it as operational
avoidance of conflicts. We fully consider the coordination of rules and multi ship avoidance based
on the collaborative theory, and construct an automatic collision avoidance model to reduce
operational avoidance conflicts.

Assuming n(n22) ships meet within a certain distance, Ship I (i eN ) and Ship

](] eEN,j# i) are both “giving way ships” relative to Ship & (k eN,k#ik+ ]) , based on the
rules, the avoidance operation should be carried out, and after the avoidance operation, Ship

i (i eN ) formed a more urgent situation with Ship j ( jeN,j#i ) .

3. Methodology

The Regulations on River Collision Avoidance in the People’s Republic of China (hereinafter
referred to as the “Regulations”) provide specific provisions for the encounter situations and
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corresponding responsibilities between two ships in mutual visibility, while only providing principle
guidance for multi ship encounter problems. It is required to follow the relevant provisions of the
“Navigation and Avoidance” clause in Chapter 2 of the Regulations, handle the aircraft types that
encounter problems according to the crew’s usual practices and good ship skills principles. Based on
this theory, we adopt the following processing methods and approaches according to the rules.
Firstly, based on the rules, we identify the encounter situation between ships that pose a collision
risk, predict the actions that the target ship will take, and the ship’s position in the encounter
situation. This ship makes a decision that meets the requirements of a good ship. The collision
avoidance action decision plan required by the art. The general process of executing multi ship
collision avoidance decisions is shown in Figure 1, where x and y represent the longitude and latitude
of the ship, respectively; v is the speed of the ship; ¢ is the heading angle; Ad is the steering angle
after the decision.

Tl Ship
( Location and navigation information of ships maneuvering

ol s
information v.g)] -

Maintain direct
flight according to
the original route

Maintain direct
flight according to
the original route

: = ‘When the rudder angles Ag
Predict the 10 second position and are 2 °. 0 °. and -2 °. the
navigation information of each target predictéd ship information

ship at the current speed and rudder angle jiised to calcilate ths
objective finction value
F, and the maximum
mdder angle is taken to
drive the ship

Figure 1. Framework diagram of automatic collision avoidance model in multi ship encounter

scenarios.

1. In the information perception stage, information related to the position, heading, speed, and
orientation of the ship and the target ship, as well as the ship’s motion parameters, are obtained
through AIS, GPS, etc., and the environment in which the ship navigates is mastered. This article
assumes that ship information exchange will occur in the scene;

2. The design phase of ship collision avoidance strategy involves calculating the estimated
parameters such as DCPA and TCPA between ships, as well as raw data on collision risk, and
identifying the situation of ship encounters;

3.If there is a danger, determine the avoidance plan based on the establishment of a coordinated
avoidance mechanism, including avoidance actions taken by the giving way ship and avoidance
actions taken by the ship being avoided.

3.1. Ship Maneuverability Model
Considering the issue of ship maneuverability, when determining the steering angle for ship
collision avoidance, it is necessary to determine the ship’s collision avoidance navigation trajectory.

g
Using the first-order equation T = r + r = K& for ship maneuvering motion & Obtain the heading at
any time as
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The value of the ship’s turning index K is set to 0.0579, and the value of the ship’s following

index T is set to 69.9784, J is the steering angle of the ship and 7 is angular acceleration. Using
formula (1), 7, =7, +(K06,—r_,)/(T +1) is obtained, the angular velocity can be continuously

updated from time t-1 to time t, and then the ship’s heading can be updated accordingly. The ship’s
future navigation route for a certain period of time when operating a specific steering angle can be
estimated, resulting in a navigation route with high similarity.

3.2. Collision Hazard Assessment

The first step in determining whether a ship needs to perform avoidance operations is to
determine whether there is a risk of collision. The Rules do not provide a definition of collision
danger, but many of its provisions are based on the premise of constituting collision danger, so it is
necessary to quantify collision danger. In navigation practice, ship pilots generally use DCPA, TCPA,
and the distance between two ships to determine whether there is a risk of collision between the two

ships.
v, cosa —v, cos @
[ = arctan —— - @)
v, sin@+v,sinx
depy =Dsin B ®)
tepy =DcosfB/v. (4)

Among them, 6 is the heading angle of this ship, a is the heading angle of the target ship, v,
is the speed of the ship, v, is the speed of the target ship, v, is the relative speed, and D is the
distance between the two ships.

At time t, for ship i(i € N), if there is a ship j(j € N,j # i) within the range of 6n miles, and
both Equations (4) and (5) are satisfied, it is considered that there is a risk of collision.

dep (£) < S, ®)

teps(£)>0 (6)

In Equations (5) and (6), dcpa(t) is the closest encounter distance between the ship i and ship j
at time t, tcpuis the closest encounter time between ship i and ship j at time t, and Sp, is the safe
encounter distance, which depends on navigation conditions and ship size. Lucas [21] constructed a
safe encounter distance model by analyzing the principles of radar target parameter calculation and
ship collision risk assessment. Jiang [22] proposed a new method for autonomous ship collision
avoidance based on attention based deep reinforcement learning (ADRL). This study focuses on open
water areas, using a comprehensive Sp, mathematical model. When two ships encounter Sp,, it is
set to In miles, and when three ships encounter Sy, it is set to 0.54 n miles. By using this method, all
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ships are divided into two categories: collision dangerous ships d¢ps(t) < Sp, and tepa(t) > 0 and
safe sailing ships (d¢pa(t) = Spa and tepa(t) > 0 or tepa(t) < 0).

3.3. Judge the Situation of Ship Encounter

The basis for achieving autonomous collision avoidance in open water environments where
multiple ships encounter each other is accurate judgment of the ship’s encounter situation. Based on
the understanding of rule constraints and the crew’s usual practices, the encounter situation is
divided into encounter, overtaking, and cross encounter, as shown in Figure 2.

355.0° 5.0°

Figure 2. Classification of ship encounter situations.

According to Articles 11 to 15 of the rules, when there is a risk of collision between ships, if the
other ship is in positions A, B, or E, this ship is a passing ship and needs to perform collision
avoidance operations; When the target ship is in positions C and D, this ship is a direct sailing ship.
Only when the passing ship has not carried out collision avoidance operations or a situation of
urgency has arisen, this ship needs to carry out collision avoidance operations; When the other ship
is located in area A or E, it is usually necessary to make a right turn to avoid collisions and pass
through the rear of the other ship as much as possible.

3.4. Reward Mechanism Module

When the position, speed, and heading of a ship in a given scenario are known, it is necessary
to make a collision avoidance operation for a dangerous ship. Ship collision avoidance needs to
consider three aspects: the degree of ship deviation, the risk of ship collision, and compliance with
rules. We will construct a reward mechanism from these three aspects.

Yaw reward objective function: 7.,,,se(self), based on the degree of deviation from the
destination, expressed as an angle, calculates the angle between the vector pointing to the destination
and the heading vector of the ship, and defines this angle as the degree of deviation from the
destination. As shown in Equation (6), self means the ship itself, 8,4, is the target heading angle
of the ship, 8, is the heading angle of the ship, and the larger the distance from the target heading,
the greater the function value, 7,,,,sc(self) € [0, 1].

0:1

est self

180°

,/.L'UMI‘SE (Self‘) = ‘ (7)

Ship collision risk function: CRsr(j), representing the collision risk between this ship and ship
j. During the navigation of a ship, due to the maneuverability of the ship, it is not possible to
immediately change its course after steering. Only after steering for a period of time can the ship
reach the predetermined course. TimeWindow is a time when a ship predicts its future position based
onits current position, course, and speed with the target ship. TCPA,.,,,, is the most recent encounter
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time of this ship relative to the target ship. When TCPA,.y,, islarger, the risk of ship collision is lower
and the function value is smaller, CR¢(j) € [0, 1].

TimeWindow
TCPA,, +TimeWindow

emp

CR.,(J)= 8)

The cost function of ship collision avoidance 7,5, consists of the following two parts: firstly, the
sum of collision risks for target ships in collision danger; secondly, the yaw reward function,
parameter a The weighting factor for the relationship between safety and efficiency, a The lower the
value, the more emphasis is placed on efficiency. In this collision avoidance model, a Set the value to
1.

az CR +M if self will collide with ship j
Voot = 180 ©)

0 otherwise

Based on the consideration of rules, we also establish the COLREG reward objective function
Tcorrea - The cost function for ship collision avoidance consists only of collision risk and yaw reward.

Based on rules, a certain amount of reward should be given to avoidance schemes that comply with
rules, in order to break the constraints of cost reduction by following rules. That is, in multiple
optional directions with the same collision avoidance cost, right turn avoidance should be chosen.

7,

COL

0 turning.angle < 0
REG — { (10)

1 turning.angle > 0

The total objective function range of the constructed ship yaw reward function, collision
avoidance risk objective function, and rule violation objective function is [0, 1]. If weights are assigned
to each objective function f,A(f + A = 1), Then the multi-objective function forms a single objective
function: F = Brcorree + Areost, when the larger the value of 4, the more emphasis is placed on
compliance with the rules. Find the minimum value for F, and the parameter corresponding to the
minimum value is the optimal collision avoidance path parameter.

3.5. Determination of Collision Avoidance Path

As shown in Figure 3, when there is a collision risk between ship i and ship j, after determining
the “giving way ship” and “direct sailing ship”, the “giving way ship” is divided into three avoidance
turning rudder angles [-2 °, 0 °, 2 °]. Given the current navigation position, direction, speed, and
operating rudder angle of the target ship, predict the ship’s position and navigation direction after
traveling at the current rudder angle and speed for 10 seconds, At the same time, predict the ship’s
position and sailing direction after traveling at three avoidance turning rudder angles and the current
speed for 10 seconds. Calculate the objective function F = Br¢oirpc + ATcos: based on the relative
position and sailing direction of the ship and the target ship after 10 seconds, and take the avoidance
turning rudder angle corresponding to the minimum value of F for steering. This article sets a
collision avoidance decision every 10 seconds, selecting the relatively optimal avoidance turning
angle from short-term decisions to accumulate the best collision avoidance path.
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Forecast 10s backwards

$ -, Target 1

Figure 3. Collision avoidance predicted by the ship moving forward.

4. Results and Discussion

The three simulation experimental ships are all randomly generated, and the range of values for
their initial ship position (x, y), heading¢, and velocity v is shown in Table 1. We set up two different
scenarios. Scenario 1: Increase compliance with rules, almost believing that ships must comply with
rules during navigation, with #=0.1, A =0.9.Scenario 2: Taking into account the importance of

safety and economy comprehensively, with f=0.5, 4 =0.5.

Table 1. Initial Parameters.

Parameter Abscissa x/m Ordinate x/m Course ¢/(°) Speed v/kn
1 3839.1 27229 2347 9.7
2 4074.1 42 264.2 8.2
3 -2573.4 3425.1 142.8 8.8

The avoidance plan and ship trajectory in Scenario 1 are shown in Figure 4.
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Figure 4. Ship Trajectory in Scenario 1.

As shown in Figure 5, from the initial position, S1 and S2 are both “giving way boats” relative
to S3. To avoid S3, S2 makes a right turn to avoid it, while S1 makes a larger right turn to avoid it.
The real-time steering angle is shown in Figure 9. When T=380s, there is no risk of collision between
S1 and S3, and they should return to the initial heading as soon as possible. There is still a risk of
collision between S2 and S1, and according to the rules, S1 still needs to make a right turn to avoid it.
S1 must stay on the new route for a long time to avoid collision with 52. Due to the initial speed
setting of S1 speed being greater than S2 speed, when T=570s, it is not recommended to maintain the
target ship’s clearance on the new route for too long while S1 turns to the port side according to the
rules, in order to avoid a larger angle deviation from the target route. S1 begins to turn left and return
to the target direction, passing through the bow of S2 ship, which poses a safety hazard. S1 avoidance
amplitude is 29 °, and the recovery target heading is 942s; The avoidance range of S2 is 35 °, and the
recovery target heading is 734s.
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Figure 5. Ship Trajectory in Scenario 2.

The avoidance plan and ship motion trajectory in Scenario 2 are shown in Figure 5. From the
initial position, the encounter situation in Scenario 1 is roughly the same. The avoidance amplitude
of S1is 21 °, and the recovery target heading is 478 seconds; The avoidance range of S2 is 24 °, and
the recovery target heading is 590s. Compared to Scenario 1, the avoidance range and resumption
time are reduced, improving avoidance efficiency.

Figures 6 and 7 show the distance time images between ships in Scenario 1 and Scenario 2,
respectively. From Figure 8, it can be seen that the collision avoidance scheme in Scenario 2 can ensure
that the distance between ships is not less than the safe encounter distance, and the distance changes
uniformly; Comparing Figure 6, it can be seen that the improvement lies in the fact that S1 and S2
both serve as yield ships for S3, reducing the impact of S2’s collision avoidance decision on S1’s
decision and allowing the two ships to pass more safely and quickly, returning to the target heading.
Figures 8 and 9 show the real-time steering angles in scenarios 1 and 2, respectively. By comparison,
it can be seen that steering in scenario 1 is significantly more frequent, which increases the difficulty
of avoiding maneuvers.
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Figure 6. Distance between Two Ships in Scenario 1.
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Figure 7. Distance between Two Ships in Scenario2.
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Figure 8. Rudder angle variation in scenario 1.
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Figure 9. Rudder angle variation in scenario 2.

According to the simulation results, it can be seen that in the scenario of multiple ships
encountering each other, this collision avoidance model can ensure the safety of ships in the event of
collision avoidance operations. The comparison results show that this model reduces the frequency
of steering, the amplitude of ship avoidance, and the time to restore heading, improving avoidance
efficiency.

5. Conclusions

A ship collision avoidance decision model is proposed to make safe collision avoidance decisions
in open water by analyzing the ship collision avoidance schemes under the constraints of the
Domestic River Collision Avoidance Regulations of the People’s Republic of China. The simulation
experiment conducted in the encounter scenario shows that the model can complete collision
avoidance under multi ship encounter conditions and obtain the optimal path, which is safer and
more economical than before improvement. Although there is a relationship between parameter
control safety and efficiency in the objective function, this issue has not been fully discussed, and
which value can achieve the best balance between safety and efficiency still needs to be considered.
This article only considers changing the direction of avoidance for collision avoidance, without
considering the impact of speed changes on collision avoidance effectiveness. In the following
research, the model should be further improved, taking into account more complex environmental
disturbances and incorporating static and dynamic obstacles, which is more in line with navigation
reality.
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