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M ODELS OF SHIP M O VEM ENT CONTROL DECISION PROCESSES  
IN THE VESSEL CO M M UNICATIO NS AND CO-OPERATION SYSTEM

The article presents models o f decision processes taking place in the control o f  ship movement in 
an open area. The method of multi-stage control in a fuzzy environment has been used for the 
determination o f a safe trajectory o f ship movement. Suitable decision procedures have been developed 
and implemented in the Vessel Communications and Co-Operation System.

M O DELE PROCESÓW  DECYZYJNYCH  STEROW ANIA RUCHEM  STATKU  
W  SYSTEM IE K OM UNIKACJI I KOOPERACJI STATKÓW

W  artykule przedstawiono modele procesów decyzyjnych w sterowaniu ruchem statku na akwenie 
otwartym. Do wyznaczania trajektorii bezpiecznej ruchu statku w sytuacjach kolizyjnych zastosowano 
metodę sterowania wieloetapowego w otoczeniu rozmytym. Opracowano odpowiednie procedury 
decyzyjne, które zaimplementowano w systemie komunikacji i kooperacji statków.

1. INTRODUCTION

Enhancing the effectiveness and safety in m arine transport calls for fast exchange of 
inform ation and coordination o f  actions taken by  those who supervise and those who 
participate in the traffic. Information exchange should cover currently perform ed actions, in 
certain cases also planned actions. This w ill make it possible to coordinate actions, and in the 
case o f  contradictory goals, a com prom ise will be reached.

1 Institute o f Marine Navigation, Maritime Academy o f  Szczecin, Wały Chrobrego 1-2, 70-500 Szczecin, 
Poland, zbip@am.szczecin.pl

2 Institute o f  Marine Navigation, Maritime Academy o f  Szczecin, Wały Chrobrego 1-2, 70-500 Szczecin, 
Poland, jarc@am.szczecin.pl

3 Institute o f Marine Navigation, Maritime Academy o f  Szczecin, Wały Chrobrego 1-2, 70-500 Szczecin, 
Poland, janmag@am.szczecin.pl

mailto:zbip@am.szczecin.pl
mailto:jarc@am.szczecin.pl
mailto:janmag@am.szczecin.pl


332 Z bign iew  P IE T R Z Y K O W S K I, Jarosław  C H O M S K I, Janusz  MAGAJ

The system  o f  com m unication and cooperation o f  ships, proposed in the w ork [8], is 
part o f  intelligent transport systems. It is implemented in the m ulti-agent technology. One of 
its aim s is to  ensure the safety o f  navigation through planning safe trajectories o f  ship 
m ovem ent, and the control o f  ship m ovem ent along a determ ined trajectory.

The planning o f  ship m ovem ent trajectory m ay cover various tim e ranges: planning of 
the w hole voyage by determ ining a climatic route accounting for w eather changes during the 
voyage and planning a safe ship m ovem ent trajectory to prevent and avoid collisions. In both 
cases o f  trajectory determ ination it is purposeful to apply criteria accepted by the human 
being.

The problem s o f  planning a safe trajectory o f  ship m ovem ent and its control aimed at 
collision prevention and avoidance are discussed in this article.

2. M ODELS OF DECISION PROCESSES OF SHIP M OVEM ENT CONTROL

The determ ined ship m ovem ent trajectory has to satisfy the conditions o f  admissibility 
and rationality. Such a trajectory is to ensure safe steering o f  the ship, taking into account 
econom ic aspects resulting from the sh ip’s transport task. A t the same tim e attem pts are made 
to take into account the procedures and patterns o f  inference o f  the human being. These can 
be described by decision process models assum ing two approaches: descriptive and 
prescriptive (norm ative) [6 ].

The control in the descriptive m odel is based on the knowledge o f  input values to be 
chosen in order to obtain desired output values. In the case o f  a sea-going ship control, the 
controlled process is that o f  ship m ovem ent along a specific trajectory. Depending on how 
detailed control level is assum ed, the output x can be sh ip’s present position, course, speed, 
rudder o r engine settings, w hile the input -  respectively -  the chosen values o f  course, rudder, 
or engine settings. For exam ple, own sh ip’s course can be determ ined is such a w ay that 
passing another ship will be at a pre-set distance (CPAl). A nother m ethod [7, 8 , 9] consists in 
defining a trajectory parallel to the original one so that the closest point o f  approach (CPAl) is 
m aintained. In both cases control can be executed w ith classical controllers or fuzzy 
controllers.

The prescriptive (norm ative) approach is based on the knowledge o f  a model 
determ ining the output (effect) as the function o f  input (cause). In this m ethod a conventional 
or non-fuzzy optim ising algorithm  is used for the optim al control o f  the process.

The choice and form  o f  goals and constraints is essential for a decision taken -  i.e. 
w hich trajectory to  choose. The navigator, planning a manoeuvre, formulates the goal, uses 
specific criteria and com plies w ith the existing constraints. The basic criteria are those 
directly resulting from  the regulations in force and the criteria for the assessm ent o f  a 
navigational situation.

The criteria directly resulting from  the relevant regulations can be o f  determ inistic or 
descriptive character, considered in term s o f  fuzziness. The form er group o f  criteria includes 
the degree o f  privileges (good visibility conditions) and the criterion o f  the right o f  w ay for 
ships on starboard side (with the same privilege in good visibility conditions).

The criteria used for the assessm ent o f  navigational situation safety are definitely more 
difficult to interpret and, therefore, to use. These criteria refer to navigator’s knowledge, skills 
and experience as well as the principles o f  good sea practice. Some o f  these criteria are as 
follows:
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-  criteria for safe passing, overtaking and course crossing,
-  criterion o f  clear and visible course alteration,
-  criterion o f  tim ely manoeuvre.

The application o f  the criteria requires the introduction o f  quantitative and qualitative 
measures and indicators. These are, am ong others, the closest point o f  approach {CPA), time 
to the closest point o f  approach (TCPA), indicators o f  safety / danger level, ship domain or 
ship fuzzy domain. The above indicators are defined most often on the basis o f  navigators’ 
knowledge and experience, but they are also based on analytical formulas, describing the 
actual phenom ena and relationships.

Am ong the criteria taking into account the economic aspect in choosing the ship 
movem ent trajectory, those frequently m entioned are the loss o f  way, time loss and fuel 
consumption.

The determ ination o f  the ship trajectory consists in specifying the course and speed or 
trajectory and speed o f  own ship, so as to ensure safe passing o f  encountered objects. The 
problem can be form ulated as a single- or multi-stage optimisation.

In the case o f  single-stage optim isation, m ost often the problem to be solved is, for the 
assumed criterion, to determine optim al course W and speed V o f  own ship (optimisation o f  
the speed com ponents Vx and Vy) or a trajectory parallel to the original trajectory by the linear 
program m ing method. The above problem  can also be formulated as a non-linear 
program m ing problem.

M ulti-stage control consists in the choice, am ong those determinable, the best control 
series in relation to the assum ed criterion for control quality assessment. The task m ay require 
the determ ination o f  the optim al trajectory through defining ship’s turning points and 
headings at the sections defined by these points or rudder settings and/or engine settings at 
chosen times. In the classical approach the determ inistic form o f these elements is assumed. 
Problems o f  this type are solved by dynam ic optim isation methods.

The navigators m aking a decision in the ship movem ent control process, to a lesser or 
greater degree, rely on approxim ate values, apply approxim ate models o f  objects and 
approxim ate constraints and goals. They often use non-crisp /fuzzy/ concepts, such as ’’safe 
distance”, ’’dangerous distance”, “safe speed”, “visible course alteration”, “small loss o f  
way” . N avigators seek a com prom ise between contradictory goals, for instance between 
m aintaining ’’safe distance” to the target ship on the one hand, and “small loss o f  way” on the 
other hand. A t the same tim e, they allow certain deviations from strictly set conditions. Thus, 
a navigator m ay accept “slightly shorter” distance to the target ship than the pre-set distance 
ensuring safe passing o f  the target ship for the sake o f  lower loss o f  way caused by a 
necessary preventive (collision avoiding) manoeuvre. Then the decision problem comes down 
to one or more optim isation problem s with imprecisely defined goals and constraints. One o f  
the m ethods which takes into account such inaccuracies is the m ulti-stage control method in a 
fuzzy environm ent.
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3. M U LTI-STA G E CO N TRO L rN A  FUZZY ENVIRONM ENT 

The fuzzy environm ent is defined as the ordered four [1]:

(G ,C ,D ,U )  (1)

where: G  — fuzzy goal,

C  -  fuzzy constraints,

D  -  fuzzy decision,

V  -  set o f  decisions.

The fuzzy goal is defined as a fuzzy set G c  U  whose mem bership function fie,'-

Hc :X x U  —»[0, l]e /?  ^

w hilst the fuzzy constraint is defined as the fuzzy set C c  U w ith the m em bership function
Ac:

Hc : X x t / —>[0, l ] e R
(3)

W hen a decision is to be m ade in a fuzzy envirom nent, i.e. w ith the goal G and 
constraint C, described by respective m em bership functions pG(x) and p.C(x), the fuzzy 
decision D is determ ined from  this relationship:

A  D(*) = A  0( * ) * A  c (*) (4 )

w here (*) is the aggregation o f  fuzzy sets. There are several types o f  fuzzy decisions. One of 
m ost used is an operator o f  minimum type:

A  BW  = A  CW  a  A  c W  = m in(A GW ,  A  f W )  (5)

It is assum ed that an optim al decision is a m axim izing decision (4), i.e.:

A D(* ‘ ) = max(ADM ) (6)

This also refers to a situation where m any (n) goals and m any (m) constraints exist. Then the 
fuzzy decision is defined as:

A o W  = A  G lto  * A  G2W *  * A &,(*) *

* A ci(x ) * A C2 W  *  * A c . W  (7)

where: n -  num ber o f  goals,
m — num ber o f  constraints.
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The control process for the state space X  = {xi, ... x„} and control set U  ={ui, ... um) 
consists in the selection o f  control variables uj under constraints juc/x) w ith the goals /Ma(x) 
imposed on the states x, in subsequent stages o f  control.

The following fuzzy decision (Z>) is taken as a quality criterion o f  multi-stage decision­
making process (control):

D (x0) = C ° * G ' *C ' * G 2 * C p-' * G P (8)

where:
P  -  num ber o f  control stages,
C  -  constraint at z-th stage o f  control,
G '-  goal at z-th stage o f  control,
xo -  initial state o f  the process.

4. RESEARCH

The following criteria have been considered while determ ining a safe trajectory o f  ship 
m ovem ent in an encounter situation, using the m ethod o f  multi-stage control in a fuzzy 
environment:

- criteria resulting from the regulations,
- fuzzy closest point o f  approach (CPAlf),
- recom m ended (visible) course alteration (CRrf),
- deviation from the trajectory (small loss o f  way) (DTSf),

The case for good visibility conditions was considered. The functions o f  fuzzy sets 
m embership, describing the above criteria, w ere defined: fuzzy closest point o f  approach 
(hcpalf), recom m ended (visible) course alteration ( j j c r r f )  and deviation from the trajectory 
(small loss o f  way) (P d t s f Y

MCPALF (d)
d  -  CPA,

CPA L max-C P A l „ 
1

fo r  d  < CPALmm

fo r  C PA,mm < d <  CPAl „

fo r  d  > CPALmm

(9)

where:
d -  distance from  the target ship,
C P A ^m , CP A Lmax -  m inimum and m axim um  closest points o f  approach, respectively,

(  A / / ( )  =

1
A W -  A W mi 

M -  A!P,
1

1 -  

0
A f ,

fo r  A W = 0

fo r  A W min < AW  < A W  ^

fo r  A W  RL < A W < A W  RH

fo r  A W  m  < A W < A W  max

in another case

(10)



336 Z bign iew  P IE T R Z Y K O W S K I, Jarosław  C H O M S K I, Janusz  M AGAJ

where:
A 'F  -  course alteration,
A ,Fmin -  m inim um  course alteration,
A 'I'm -  recom m ended low er boundary o f  course alteration, 
A 'Frh -  recom m ended upper boundary o f  course alteration, 
A ^max -  m axim um  acceptable course alteration.

where:
y mi„, y„uix -  respectively, the values o f  m inim um  and m axim um  deviations from  the 

original trajectory acceptable by the navigators.

The aggregation operator o f  the m inim um  type (5) was used for the determ ination of 
control quality indicator. The optim al ship control in the sense o f  a fixed control quality 
indicator (8) is determ ined using the B ellm an’s optim isation principle. This defines the basic 
feature o f  the optim al strategy that says that, regardless o f  the initial state and decision, the 
other decisions have to m ake up optim al strategies from  the point o f  view o f  the state 
resulting from the first decision. The above problem  can be solved by various methods. The 
problem  o f  determ ining the optim al ship trajectory m ay be effectively solved by the graph 
m ethod. The properties o f  the directed graph are utilized. The graph’s edges are oriented 
towards and the arrow indicates the direction o f  m ovem ent or sequence o f  choice. One o f  the 
m ost effective algorithm s proposed for the determ ination o f  the shortest path between a 
specific pair o f  vertexes is D ijkstra’s algorithm  [3].

The situation exam ined was the encounter o f  ships in an open sea area covered by the 
system o f  ship com m unication and cooperation. The ships’ dynam ics was sim ulated by means 
o f  the verified analytical model o f  the m /f  J .Śniadecki [4, 5]. The regulations in force [2] for 
good visibility conditions have been taken into consideration.

Encounters o f  ships on various headings w ere simulated. A ccording to the regulations, 
in the presented collision situation the ship A  is obliged to give w ay to the ship B. Obeying 
the regulations and follow ing good sea practice the ship A perform s a preventive manoeuvre. 
N avigating in the open sea, the ships, having perform ed a collision-avoiding m anoeuvre often 
return to their original course.

H aving analysed a navigational situation and recognizing a collision situation, the ship 
A  sends a m essage to the ship B inform ing it has recognized a collision situation and confirms 
it is obliged to make a collision avoiding manoeuvre. A fter it m anoeuvres to avoid a collision, 
the ship A  returns to its original trajectory. The ship A sends inform ation on the type o f  the 
planned m anoeuvre and w hen it w ill be started. The ship also gives the points o f  its 
m ovem ent trajectory. The ship B acknowledges the inform ation on the planned actions o f  the 
ship A. The ship B analyses the m anoeuvre to  be perform ed by  the ship A  and sends 
acknowledgem ent. The ship A  starts the m anoeuvre -  sails following the determ ined safe 
trajectory.

In order to im plem ent the determ ined ship movem ent trajectory the authors used a 
m odified cascade fuzzy controller based on the m odel presented in [7],

MoTsF( y d ) =  i -  -Vrf

M  y d < y min 

for y mi„ < < y,

for yd > ymax

max

(11)
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Figures l-s-4 illustrate both ships’ trajectories, the distances between the ships, courses 
o f  the ship A and headings on the ship B in various encounter situations.

The m anoeuvres were properly perform ed, in com pliance w ith the regulations, in a 
tim ely and clear-cut manner. In each o f  the examined cases the ship A  began its collision- 
preventing m anoeuvre at a distance not less than 3.5 Nm. The course was altered in a way 
noticeable for the ship B. The ships pass each other at a safe distance (admissible range of the 
closest approach). The m anoeuvres were executed so that the ship B found itself early of the 
ship A. This reflects com m on practice o f  navigators.

y  [NmJ

Fig. 1. Ships’ trajectories in various encounter situations; positions (x) on 300 [s] time intervals

Fig.2. D istances betw een ships in various encounter situations
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l[s|

Fig.3. Courses o f  the ship A in various encounter situations

Fig.4. Headings on ship B in various encounter situations

During the m anoeuvres, the ships follow ed standard procedures typical o f the 
com m unication and cooperation o f  vessels.
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