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In this paper, to prevent collisions between ships, we introduce the Distributed Stochastic Search Algorithm (DSSA), which 

allows each ship to change her next-intended course in a stochastic manner immediately after receiving all of the intentions 

from the neighboring ships. We also suggest a new cost function that considers both safety and efficiency. We empirically 

show that DSSA requires much fewer messages than distributed algorithms that we previously proposed.  

 

 

1. Introduction 

To prevent ship collisions, several methods suggested, such as 

ship domain [Fujii 71, Goodwin 75, Szlapczynski 06, 

Szlapczynski 07, Wang 09], and fuzzy theory [ Hasegawa 89, Lee 

04]. Most of these methods focus on one-to-one or one-to-few ship 

encountering situation. Very little research had been done for 

many-to-many situation. Therefore, we have previously proposed 

two distributed algorithms to prevent ship collision. With these 

algorithms, each individual ship can decide its safest course on its 

own. The first is the Distributed Local Search Algorithm (DLSA) 

[Kim 14], where each ship searches for a safer course within her 

own local view by exchanging information with neighboring ships. 

The second is the Distributed Tabu Search Algorithm (DTSA) 

[Kim 15], which enhances DLSA with the tabu search technique 

[Glover 89] to escape from a Quasi-Local Minimum (QLM) in 

which DLSA sometimes becomes trapped. One common 

drawback of these algorithms is that a relatively large number of 

messages need to be sent in order for the ships to coordinate their 

actions. Since message exchange accounts for the largest part of 

the cost of distributed algorithms, this could be fatal, especially in 

cases of emergency, where quick decisions should be made. 

In this paper, we introduce the Distributed Stochastic Search 

Algorithm (DSSA) [Zhang 02, Zhang 05], where each ship 

changes her next-intended course in a stochastic manner 

immediately after receiving all of the intentions from the 

neighboring ships. DSSA enables ships to exchange significantly 

fewer messages than DLSA and DTSA, and its stochastic nature 

excludes the need for a specific method to escape from QLM. 

Along with our development of DSSA, we also suggest a new cost 

function that considers both safety and efficiency in our 

distributed algorithms.  

 

2. Distributed Stochastic Search Algorithm 

2.1 Framework and terminology 

Distributed ship collision avoidance is made up of two 

procedures: control and search. A framework of these procedures 

is given in Fig. 1. When a ship arrives at its destination, this 

procedure is terminated. For the control procedure, a ship decides 

whether to proceed to the next position. If a ship does not have any 

neighboring ships within a certain area, namely detection range, 

and also hasn't yet arrived at its destination, it moves to the next 

position.  

 For the search procedure, a ship tries to avoid collision by 

distributed algorithms. If a ship confirms that there is a collision 

risk, she runs distributed algorithms to prevent the collision. If she 

finds a solution, or if the computation time exceeds a certain time 

limit, the ship moves to the next position. All ships go through this 

sequence until a termination condition is met. We set a time limit 

on the computational time that all ships exchange messages with 

each other to figure out safe courses. For example, if a time limit 

is set to three, all ships exchange information with neighboring 

ships for three seconds to search safe courses. When the time has 

elapsed, all ships move to the next position, then they check 

whether a collision happened on the spot. This process is repeated 

every three seconds until all ships arrive at their destinations. 

Figure 2 illustrates basic terminologies we used in this paper: 

 T: the maximum length of time for which the home ship 

plans her future positions. 

 Detection range: the area in which the home ship can 

communicate with other ships. 

 Neighbor: a ship located within the detection range. The 

home ship can exchange information only with its 

neighbors. 

 Safety domain: the area that the home ship prohibits a 

neighboring ship from penetrating. 
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Figure 1: Framework of Distributed Ship Collision Avoidance 

 

 

Figure 2: Description of the variables 

 

   The home ship located at the center has a detection range to 

detect neighboring ships. The home ship can exchange 

information with a neighboring ship, but not with a ship located 

outside the detection range. The home ship tries to keep a safety 

domain between itself and a neighboring ship. If that safety 

domain is penetrated, we consider they collide with each other.  

 

Figure  3: Progress of the movement of home ship 

 

Figure 3 shows the progress of the movement of home ship. 

After finding a safe course by distributed algorithms, home ship 

proceeds to the next position. Then, ships 1 and 2 are going out of 

the detection range, but ships 4 and 5 are entering the range to 

become its new neighboring ships. This process is repeated until a 

ship arrives at its destination.  

2.2 Cost and Improvement 

Equation 1 shows the Collision Risk (CR), where crs and j mean 

a candidate course and a neighboring ship, respectively, and self 

means the home ship. If a neighboring ship j exists in T for  crs, T 

is divided by TCPA (Time to Closest Point of Approach). TCPA 

is the remaining time to reach the closest point of approach for two 

ships. 𝐶𝑅𝑠𝑒𝑙𝑓  is only computed when collision risk exists; 

otherwise, 0 . Equation 2 describes the cost function, which is 

made up of two parts: first, the sum of 𝐶𝑅𝑠𝑒𝑙𝑓 over the neighboring 

ships at risk for crs, and second, the relative degree between crs 

and a destination. The sum of 𝐶𝑅𝑠𝑒𝑙𝑓 and the relative degree is the 

cost for crs. The α is a weight factor. It can control the relationship 

between safety and efficiency. If α is bigger than one, a ship places 

more emphasis on  safety than efficiency. Therefore, a ship can 

consider safety and efficiency at the same time. In this work, we 

set the value of α to one. The 𝜃𝑠𝑒𝑙𝑓_𝑑𝑒𝑠𝑡  is the relative degree 

between a ship’s heading and a destination, as shown in Eq. 4. Due 

to the restriction on ship movement, we limit the maximum 

altering course (MaxDegForAltCrs). 

Each candidate course has a number indicating how much cost 

is reduced from the currently selected next-intended course. A ship 

chooses the largest one as 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑠𝑒𝑙𝑓 . Thus, a ship can find the 

safest next-intended course at that time. In DLSA and DTSA, only 

the ship that has larger 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑠𝑒𝑙𝑓  than those of neighboring 

ships can change its next-intended course to prevent an endless 

loop.  

 

𝐶𝑅𝑠𝑒𝑙𝑓(𝑐𝑟𝑠, 𝑗) ≡ {

𝑇

𝑇𝐶𝑃𝐴𝑠𝑒𝑙𝑓

, if 𝑠𝑒𝑙𝑓 will collide with ship 𝑗 

0,                       otherwise

                (1) 

 

𝐶𝑂𝑆𝑇𝑠𝑒𝑙𝑓(𝑐𝑟𝑠) ≡  𝛼 ∑ 𝐶𝑅𝑠𝑒𝑙𝑓(𝑐𝑟𝑠,  𝑗)

𝑗∈𝑁𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑠

                                          (2)

+
𝜃𝑠𝑒𝑙𝑓_𝑑𝑒𝑠𝑡 − 𝜃𝑠𝑒𝑙𝑓(𝑐𝑟𝑠)

180°
  

 

𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑠𝑒𝑙𝑓 ≡ max
𝑐𝑟𝑠

{𝐶𝑂𝑆𝑇𝑠𝑒𝑙𝑓 (
𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑙𝑦𝑆𝑒𝑙𝑒𝑐𝑡𝑒𝑑

𝑁𝑒𝑥𝑡𝐼𝑛𝑡𝑒𝑛𝑑𝑒𝑑𝐶𝑜𝑢𝑟𝑠𝑒
)                      (3)

− 𝐶𝑂𝑆𝑇𝑠𝑒𝑙𝑓(𝑐𝑟𝑠)} 

 

𝜃𝑠𝑒𝑙𝑓_𝑑𝑒𝑠𝑡                                                                                     (4) 

≡ {
𝜃𝑑𝑒𝑠𝑡 − 𝜃ℎ𝑒𝑎𝑑𝑖𝑛𝑔, if |𝜃𝑑𝑒𝑠𝑡 − 𝜃ℎ𝑒𝑎𝑑𝑖𝑛𝑔| < |𝑀𝑎𝑥𝐷𝑒𝑔𝐹𝑜𝑟𝐴𝑙𝑡𝐶𝑟𝑠|

empty,                           otherwise                    
 

 

where 𝑐𝑟𝑠 ∈ {−45°, … , −5°, 0°, +5° … , +45°} ∪ {𝜃𝑠𝑒𝑙𝑓_𝑑𝑒𝑠𝑡} 

𝜃𝑠𝑒𝑙𝑓(𝑐𝑟𝑠) returns ℎ𝑒𝑎𝑑𝑖𝑛𝑔 + 𝑐𝑟𝑠 
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2.3 Procedure for DSSA 

In DSSA, the next-intended course is chosen stochastically as 

follows.  A certain ship, which depends on rule A or B, chooses 

the course giving 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑠𝑒𝑙𝑓  with probability p, but does not 

change with probability p. 

In DSSA-A, only the ships with positive 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑠𝑒𝑙𝑓  can 

change the next-intended courses stochastically. On the other hand, 

in DSSA-B, the ships with zero  𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑠𝑒𝑙𝑓 can also change the 

next-intended courses if they have positive costs. This is because 

the next-intended course of a ship may produce better results at the 

next step, even if it does not satisfy the constraints presently. 

Therefore, the new next-intended course may be chosen with the 

probability p. Figure 4 shows the procedure for DSSA. First, a ship 

selects its current course as the next-intended course. After 

exchanging the next-intended course, then she compute 𝐶𝑂𝑆𝑇𝑠𝑒𝑙𝑓 

and 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑠𝑒𝑙𝑓. If a ship does not satisfy with the next-intended 

course, she searches new intended-course by DSSA-A or B. This 

process is repeated until all ships are satisfied with their current 

next-intended courses. In DSSA, multiple ships can change their 

next-intended courses simultaneously even if they are mutually 

neighbors. In the previous algorithms [Kim 14, Kim 15], only one 

ship among the one and its neighbors can do that to avoid endless 

loop. This might cause significant increase in the number of 

messages being exchanged. 

 

 

Figure 4: Procedure for DSSA 

3. Experiments 

Table 1 shows the experimental conditions. All ships have the 

same and constant speed of 12 nautical miles per hour. Each ship 

moves to its next position every 0.6 miles, i.e., a ship proceeds 0.6 

nautical miles every three minutes. We assume that a ship cannot 

decrease or increase its speed to avoid collision. The detection 

range and safety domain are set as 12 and 0.5 nautical miles, 

respectively. If a target ship is located within detection range, the 

home ship exchanges information with it. The safety domain refers 

to the safe distance that must be maintained from the target ship. 

Probability p used in DSSA is set to 0.5 and 0.7. To evaluate 

DSSA, we compared its performance with that of DLSA and 

DTSA. We used MATLAB for the experiments. 

 

Table 1. Variables and value for experiments 

VARIABLES VALUES 

Number of ships 100 

Speed 12 knots 

Detection range 12 nautical miles 

Safety domain 0.5 nautical miles 

Probability 0.5, 0.7 

 

For a better understanding, Figure 5 showed the result for the 

simulated encounters among 12 ships by DSSA-A. This 

demonstrates an overall situation in which ships can encounter 

each other without collisions. Even though the method may seem 

simple, it can significantly ease the burden on an officer. It shows 

how much a ship’s decision affects the target ships. The ships in 

the middle of the figure altered their courses significantly while 

other ships altered their courses only a little. All ships changed 

their courses depending on the course of the other ships. 

 

 

Figure 5: Simulated encounters among 12 ships by DSSA-A 

 

We used 100 ships in this experiment. The blue and red circles 

mean the origin and destination for ships, respectively, as shown 

in Fig. 6(a). All ship’s headings and positions were initialized 

randomly. Figure 6(b) shows the trajectories computed by DSSA-

A for this problem instance. Figure 7 indicates both the average 

distance of trajectories and the number of messages exchanged by 

DLSA, DTSA and DSSA when time limit is change from one 
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through five in step of one. Note that no collision occurs in this 

experiment. The numbers in parentheses of DSSA-A and B mean 

the probability. In terms of average distance shown in bars in 

Figure 7, all algorithms showed a similar result. We can say there 

is little difference among these distributed algorithms. In terms of 

number of messages shown in lines in Figure 7, DLSA recorded 

the highest. DTSA had better results than DLSA. DSSA 

performed better well than DLSA and DTSA, irrespective of 

values for time limit. 

 

 

Figure 6: Initialization (a, left) and trajectories (b, right)  

 

 

Figure 7: Simulation results 

 

4. Conclusion 

We introduced DSSA to prevent ship collision at sea. DSSA 

enables ships to exchange significantly fewer messages than 

DLSA and DTSA; furthermore, its stochastic nature excludes the 

need for a specific method to escape from QLM. Through 

developing DSSA, we also suggested a new cost function that 

considers both safety and efficiency in our distributed algorithms. 

Compared to DLSA and DTSA, DSSA produced good results, 

such as decreasing the number of messages. By adjusting the 

probability, DSSA is applicable to various situations. 

For future work, we need to consider the characteristics of 

individual ships. The detection range and safety domain 

depending on the size of the ship may be sensitive to a distributed 

system for ship collision avoidance. It needs to be able to cope 

with various situations, such as when there are obstacles or when 

it is impossible for a ship to communicate. 
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