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Abstract: The presented work is part of the project to implement 

a simulator for determining the ship's trajectory in collision 

situations. The aim of this article is to model an optimal ship 

control system in collision situations taking into account the 

International Regulations for the Prevention of Collisions at Sea. 

The main task was to design and realize a trajectory visualization 

in the form of a simulation. An analysis of the simulation results 

was also carried out and used to formulate conclusions. In this 

paper, an algorithm based on the static linear programming 

method for determining a multistage ship trajectory was developed 

and presented. The block diagram of the algorithm and the basics 

of linear programming are described. A series of simulations in 

various navigational situations involving a foreign ship sailing on 

a course of 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315° was 

carried out and the influence of the various parameters on the 

course of the simulation itself was examined. Based on the data 

obtained, graphs were drawn up to enable an easier analysis of the 

simulation results. It was also found that, depending on the 

complexity of the navigational situation, the results are more or 

less predictable and that, in order to obtain the optimal outcome of 

the situation, all the simulation parameters must be chosen 

accordingly. 

Keywords: Safes Ship Trajectory Ship Control, Collision 

Situations, Static Optimization, Linear Programming,  

I. INTRODUCTION 

Maritime transportation safety is strongly linked to 

navigation hazards. Nowadays, maritime transportation is 

one of the safest branches of transportation. Thanks to 

developing technology, the human factor, which is often the 

main cause of collisions, is being minimized and humans are 

being assisted by all sorts of safety systems. Among such 

solutions is the ARPA (Automatic Radar Plotting Aids) 

anti-collision system, it has made a huge contribution to 

shipping safety. This system enables automatic tracking of 

objects within the range, determination of their movement 

parameters and support for navigators in making 

anti-collision maneuver decisions [1] [2] [3] [4] [5] [6]. 

The task of optimization is to find the best result from a set 

of acceptable solutions according to the adopted criteria. The 

goal of static optimization is to find the optimal point, i.e. the 

point at which the value of the objective is the best. 

Depending on how the task is formulated, this value will be 
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either the largest or the smallest. The search for such an 

extreme value can take place in a limited area (local 

extremum) or in the entire argument space(global extremum) 

[7] [8] [9] [10] [11]. The purpose of this work is to model a 

system for optimal ship control in collision situations, design 

and perform trajectory imaging, simulation and analysis of 

the results. For the purpose of the program, it was assumed 

that all encountered vessels move at a constant speed and do 

not change their initial course. Only its own unit has the 

ability to change course or speed to avoid collision with 

another object. At the beginning of the paper, an algorithm 

for determining the multi-stage optimal trajectory of a vessel 

based on the static linear programming method was 

developed and presented. In the next chapter, the 

construction of the program and how to use it were presented. 

In the third chapter, a number of simulations in various 

navigation situations were carried out so that the program's 

performance could be analyzed. At the end of the paper, all 

the results of the simulations carried out are summarized in 

the form of graphs and appropriate conclusions are drawn 

based on them. 

 

II.  PROCES KINEMATIC MODEL  

The kinematic model of the safe trajectory of a ship at sea 

can be represented by an equation of state [12, 13]: 
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where: 

     x - these are the position of the own ship's coordinates, 

     y - these are the coordinates of the j-th object, 

     V - own ship speed, 

     Vj – speed of the j-th object., 

     ψ – own ship course,, 

     ψj  - course of the j-th object. 

These are identified by the automatic radar plotting aids 

(ARPA) anti-collision system Fig. 1. 

 

Fig. 1. The situation of own ship passing the jth target 

presented in a rectangular coordinate system 
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III.  ALGORITHM FOR DETERMINING THE 

MULTI-STAGE OPTIMAL TRAJECTORY OF A SHIP 

The task of optimization is to determine the best (optimal) 

result of the analyzed problem in terms of a certain criterion 

(quality index). In the case of determining the optimal 

trajectory of a ship, this is the quality indicator of optimal 

control. When determining a ship's own trajectory, it should 

be taken into account that there are many possible 

maneuvers. Of the possible maneuvers, the optimal trajectory 

should be selected in terms of deviation from the set course 

and the shortest path used to pass the encountered objects, so 

as to minimize the cost of avoiding a collision. 

The algorithm for determining the optimal trajectory is 

based on several basic points: 

1) Input of initial data and their analysis. 

2) Checking whether the vessel is on a collision course with 

another vessel. 

3) Determination of linear programming constraints. 

4) Calculation of the optimal course. 

5) Possible change of the ship's own speed (if speed change 

is defined). 

6) Return to point 2). 

7) If a collision does not occur a collision-free course is 

depicted. 

8) Calculation of deviation from the course of own vessel 

After entering the parameters of the met objects and own 

unit, the program analyzing the data calculates the risk of 

collision. If the calculations indicate the possibility of a 

collision, the limitations of the linear programming task are 

defined, while if a collision is not detected, the program 

completes the calculations and determines the course. If the 

possibility of a speed change is defined, the program can only 

reduce the speed, or, if necessary, determine the course as 

well. Fig. 2 shows the trajectory determination algorithm 

used in the program. 

 

Fig. 2. Algorithm for determining the optimal safe trajectory of a ship 
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A. Linear programming method 

The linear programming method was used to optimize the 

static safe trajectory of the ship. The construction of the used 

linear optimization function linprog in Matlab R2021 

software is as follows [14] [15] [16]: 

  ),,( bAflpx =              () 

Where: 

▪ f - vector of coefficients of the objective function 

▪ A - matrix of coefficients of inequalities  

▪ b - vector of coefficients of inequality constraints 

Linprog thus solves the linear programming problem: min 

f'x with constraints A*x<=b. This function will result in a 

vector of x with the solution of the linear programming task. 

B. Initial data entry 

In order to allow the program to correctly calculate the 

course, it is necessary to enter the relevant parameters of the 

encountered vessels (in the form of bearing, distance, course 

and speed) and the own vessel (speed and set course), as well 

as the relevant parameters of the simulation being carried out. 

The position of the own vessel is set permanently so that the 

vessel starts from the point (0,0) in the coordinate system. 

It should be remembered that this is a simulation and, in 

reality, data about the encountered vessels and the parameters 

of the own ship arrive at the ARPA systems from radar, log, 

GPS and other devices monitoring the ship and the area 

around it. 

C. Designation of the collision area 

The variable "collision" was used to determine the 

collision course, which takes the value 1 if the ship is on a 

collision course or 0 if the course is collision-free. The 

variable must be reset to zero each time before proceeding 

with calculations, since it takes on a different value in each 

collision check step. This area must be determined for each of 

the encountered vessels, making it possible to present the 

navigational situation of our own vessel and check whether 

the selected course of our vessel is collision, and whether any 

of the encountered vessels are on a collision course with own 

ship. 

D. Calculating the optimal rate 

The program, after approximating the ship's own circle and 

determining the area of forbidden maneuvers, defining 

limitations and target functions, determines the starboard 

course and then calculates the difference from the set course 

in degrees. Exactly the same calculations are also performed 

for the set course to the port side. With these calculations, the 

program can determine which maneuver will be the most 

optimal in terms of deviation from the set course. Each time 

the appropriate course is calculated and applied, its value will 

be displayed in the simulation window as the current course. 

Throughout the simulation process, the program user can see 

how the current course changes relative to the set course. 

E. Changing the speed of your own ship 

If you define in the simulation parameters window 

"Deviation from course, at which to decrease speed" to a 

value below 361°, the program, if your own ship takes a 

course above the entered value, will begin to reduce its speed 

by the percentage you have specified for the "Percentage of 

speed reduction" window (set to 25% by default). The speed 

will be reduced gradually until your own ship finishes 

maneuvering or obtains a deviation value smaller than the 

one entered in the "Deviation from course at which to reduce 

speed" window. The speed at which the ship is moving will 

be displayed in the " Current Speed" window throughout the 

simulation. Once your own ship has exited the collision 

situation and returned to the preset course, the speed at which 

the ship has completed its maneuvers and from which it can 

begin to increase its speed to the preset speed will be 

displayed in this window. 

IV. SIMULATION 

The simulations were performed for different navigational 

situations. In each of the different simulations, the parameters 

of the encountered vessels change, such as the number of 

vessels encountered, their bearing, distance, speed and 

course, as well as the parameters of the own vessel and the 

simulation itself. In depicting each situation, all the 

trajectories of the own ship's movement in a given scenario 

were superimposed with the changing parameter of the safe 

distance, so as to see the effect of changes in this distance on 

the deviation from the set course. Table - I assigns the values 

of the safe distance to the numbering shown located on the 

each trajectory. 

Table - I: Numbering of individual trajectories by safe 

distance 

No. Safe distance 

a 0.5 

b 1.0 

c 1.5 

d 2.0 

e 2.5 

f 3.0 

g 3.5 

h 4.0 

i 4.5 

j 5.0 

k 5.5 

l 6.0 

A. Situation with a foreign ship sailing on a 90° course 

Table - II lists the initial parameters for all simulations of 

this situation. Fig. 3 shows the trajectories of the own ship's 

movement for different values of the safe distance. 

Table - II: Simulation parameters with a foreign ship 

sailing on a 90° course 
Parameter Unit Value 

Speed of own ship [kn] 20 

Course of own ship [°] 0 

Distance of the encountered craft [NM] 4 

Bearing of the encountered craft [°] 0 

Course of the encountered craft [°] 90 

Speed of the encountered craft [kn] 16 

Maneuvering time [min] 3 

Advance time [min] 0 

Deviation from course at which to reduce speed [°] 361 

Percentage of speed reduction [%] 25 
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Fig. 3. Trajectory of ship movement - foreign ship on a 

90° course 

B. Situation with a foreign ship sailing on a 135° course 

Table - III lists the initial parameters for all simulations of 

this situation. Fig. 4 shows the trajectories of the own ship's 

movement for different values of the safe distance. 

Table - III: Simulation parameters with a foreign ship 

sailing on a 135° course 
Parameter Unit Value 

Speed of own ship [kn] 20 

Course of own ship [°] 0 

Distance of the encountered craft [NM] 4 

Bearing of the encountered craft [°] 0 

Course of the encountered craft [°] 135 

Speed of the encountered craft [kn] 16 

Maneuvering time [min] 3 

Advance time [min] 0 

Deviation from course at which to reduce 

speed 
[°] 

361 

Percentage of speed reduction [%] 25 

 

Fig. 4. Trajectory of ship movement - foreign ship on 135° 

course 

C.  Scenario with 30 ships encountered 

Table - IV lists the initial parameters for all simulations of 

this situation. Fig. 5 shows the trajectories of the own ship's 

movement for different values of the safe distance. 

Table - IV: Simulation parameters with 30 ships 

encountered 

Parameter Unit Value 

Speed of own ship [kn] 11 

Course of own ship [°] 23 

Maneuvering time [min] 3 

Advance time [min] 0 

Deviation from course at which to reduce 

speed 
[°] 90 

Percentage of speed reduction [%] 25 

 

Fig. 5. Movement trajectory of 30 ships encountered 

V. ANALYSIS OF SIMULATION RESULTS 

The parameter that was changed in each scenario was the 

safe distance, in order to be able to summarize the effect of 

this value on the course of the simulation. For situations that 

are less complex in terms of the number of units, from the 

plotted trajectories alone, one can see the relationship of 

increasing the deviation from the course while increasing the 

safe distance. However, for more complex situations in terms 

of the number of units encountered, and with the speed 

reduction option activated, the situation already looks less 

predictable. 

A. The results of the situation of the meeting of one 

unit 

 

Fig. 6. Diagram of the dependence of the deviation from 

the safe distance for the situation of meeting one unit 
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Fig. 6 compares the deviation from the course in relation to 

the safe distance of a craft located 4 nautical miles ahead of 

the bow of its own vessel for its different courses and for the 

situation when the object remains stationary.  

The largest deviation from the set course was recorded 

during the situation in which the encountered vessel took a 

course of 135°. This is due to the fact that the own vessel 

intended to avoid the encountered craft from the right side, 

and this led to a large deviation from the set course, relative 

to the other situations. 

For courses of 45° and 315°, the encountered object was 

not a threat, which did not lead to any deviation, and the own 

ship could ignore the craft. 

B. Results of the situation of encountering multiple ships 

In this scenario, the speed reduction function led to the 

opposite result. Fig. 7 shows how reducing speed for safe 

distances of 3 to 5 NM resulted in a significant increase in 

deviation from course. From this example, it can be 

concluded that when there is a high density of vessels, 

reducing speed can worsen the outcome of evasive 

maneuvers. 

Along the lines of the simulation result of the scenario with 

20 vessels, in the scenario with 30 vessels, there is also a 

significant increase in the deviation from the course in the 

specific safe distance range. 

Looking at  scenario with 50 ships on Fig. 7 , it can be seen 

that the deviation increases, up to a value of 2.5 NM safe 

distance. The deviation value then decreases significantly. 

This situation is due to the activation of the speed reduction 

process, which in response led to a positive response in the 

form of reduced deviation. 

 

Fig. 7. Dependence chart of deviation from safe distance 

for a scenario with multiple ships 

C. The results of the situation of meeting one unit in 

three different directions 

A summary of the three test scenarios is included in Fig. 

12. The value of the deviation increases in these cases along 

with the safe distance, and no significant deviations from the 

trend appear here. The differences in the deviations of the 

individual scenarios are due to the position of the units 

encountered and their course.  

The largest deviations appeared in the scenario when the 

encountered vessel sailed on a course opposite to ours, but its 

position was shifted to the right relative to its own vessel. The 

own vessel, in accordance with the rules of the International 

Regulations for Preventing Collisions at Sea, sought to avoid 

the encountered object from the right. As a result of this 

maneuver, the ship had to deviate from the set course more 

significantly than in the other situations. 

 

Fig. 8. Graph of the dependence of the deviation from the 

safe distance for scenarios with a unit flowing from 3 

different directions in succession 

VI. CONCLUSION 

Analyzing all the above simulations, it can be seen that the 

most predictable situations are the less complex ones, when 

there is not much density of encountered vessels. In this case, 

selecting the appropriate parameters to achieve the most 

favorable result is much easier than in more complex 

navigation situations. 

In order to bring about the lowest possible deviation from 

the course, it is necessary to select the value of the deviation 

at which to start reducing speed so as not to lead to a situation 

worse than if this option is turned off. When designing a 

situation, changing any parameter can lead to a completely 

different simulation result. 

It should be noted that the change of the ship's course in real 

conditions takes place over a much longer period of time, and 

the program presented here is only a simulator, which does 

not take into account many factors such as the size of the 

vessels or the limitations of the body of water in the form of 

islands or coastline, for example. The safe distance parameter 

in the real situation depends on the current meteorological 

situation. During poor visibility, the safe distance will be 

significantly higher than in good visibility conditions. 

The designed simulator can be a valuable tool for teaching 

purposes to demonstrate the simplified principle of the 

ARPA system, which tracks multiple objects within range of 

radar systems in real time. The simulator also demonstrates 

the use of the linear programming method and how it works. 

Additional features of this type of work would be the ability 

to introduce body of water restrictions such as islands and 

coastlines, define the size of all units, or introduce a depth 

parameter. A useful feature would also be the introduction of 

control of the courses of units encountered by one's own ship, 

so that not only one's own ship would calculate a 

collision-avoiding trajectory, but all units added to the 

simulation. 
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