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Abstract. Determining the optimum trajectory for a ship beéw its current position and
the assumed target point, done taking into accoeavigational situations which the ship is
to face when covering this trajectory, was the sctpf numerous publications but has not
been finally solved yet. The authors propose te®mene the optimum and safe ship
trajectory using a competitive multipopulation ewdnary algorithm. The proposed
algorithm will also allow the trajectory to be cected depending on a current navigational
situation, for instance the appearance of collisioreat. Practical application of the
algorithm would considerably relieve navigator'srigoand contribute to the increase of
safety at sea and reduction of ship operation costs

1 Introduction

International cargo of all European Union countigemainly delivered using water transport [1].
A similar tendency is observed all over the wovldhich results in considerable increase of sea
traffic. All this, along with resultant decrease s#iling safety, makes the sea navigation more
and more difficult [10]. The sailing requires, firsf all, determining the ship trajectory which
avoids prohibited areas, such as lands, shallowrajaind areas excluded from sailing, and takes
into account navigational constraints, such as miztees. Meteorological forecasts make it
possible to detect areas of unfavourable weathedittons that affect the safety level.
Consequently, the process of ship trajectory deétetion has to take into account also the
presence and motion of those areas. The deterntiagxttory is a compromise between the
shortest trajectory and the necessity to avoidipiteld areas and those worsening the safety of
sailing. When sailing between consecutive turniogqts of the determined trajectory the ship
can meet other objects, such as ships and/or geb&hich can be a source of collision threat. In
this situation a correction is to be made to motlify earlier planned route. Depending on the
applied method and techniques, the problem of ehigirol at sea was discussed in different
ways, but has not been finally solved yet. Theclartpresents an evolutionary algorithm which
can be used both for determining the initial shégettory and its further modifications.

2 Modéling of the navigational environment

The trajectory of the ship sailing in the marinevigation environment has to avoid static and
dynamic constraints which can be found on its Wdne static constraints include lands, shallow



waters, water lanes, and areas such as fisheries ale excluded from sailing. The dynamic

constraints include other ships, areas of bad weatinditions, and icebergs.
The lands and shallow waters are defined usinggpaoly in a way identical to the format

used in electronic maps. A more detailed descriptibthe adopted model of lands and shallow
waters can be found in [4] and [8]. Additionallgese objects are surrounded by prohibited areas
having the width at least equal to the assumeddisfence (Figure 1). Such object as fisheries,

which are the areas excluded from sailing, ared@dfioed using polygons.

®

Figure 1. Adopted model of lands and shallow waters.

The ship trajectory in the regions of intensive igational traffic is limited by a so-called
water lane, usually marked by navigation marks raodt often consisting of two channels inside
which the motion is only possible in one directidthe Gdanska Bay, with the water lanes

existing in this area, is shown in Fig. 2a.
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Figure 2. Water lanes: a) in the Gilska Bay (source: VTS Gdsk), b) water lane model



In order to determine the passage trajectory wfadttbws the water lane, it is modelled for
the evolutionary algorithm as two independent ckénrior both directions of the traffic.
Additionally, to determine the trajectory of shiggsage through a channel, preferred traffic
lanes, marked as dashed lines in Fig. 2b, aretedle&t the same time, when defining the model
of the water lane for the evolutionary algorithnergendicular lines starting from the left and
right edge of the water lane are introduced. The& makes it impossible for the evolutionary
algorithm to determine the passage trajectory wivichld omit the water lane.

The ship sailing in the marine environment can aagi other objects, such as storm areas
which can worsen general safety of sailing, or cisjdike strange ships or icebergs, being a
possible source of collision threat. Around thermst@reas and icebergs octagonal areas are
defined which are referred to as the domains. Tdmaih of the iceberg excludes the area
covered by it from the space in which the safeetitayry is searched. Entering the storm domain
area reduces the safety of sailing. Principlesheirtcreation and dimensioning are given in
[5, 6, 9.

The approached ships are modelled using hexagaeak aeferred to as strange ship
domains. A sample shape of this domain is showtrign 3a. When determining the safe
trajectory we should check whether it avoids alindm areas. The trajectory which breaks into
the area of a domain cannot be considered safe.

The rules of the nautical road formulate the pples governing the passing of ships. The
basic principle says that the ships on the lef sice to give way. A preferred way of passing is
passing behind the stern. The asymmetric shapggealdmain will prefer solutions which are in
accordance with the rules of the nautical road wihetermining the safe passing trajectory for

the ship [11].
@ Cpos=0.6

Coo=1.0

Figure 3. Strange ship domain: a) domain shape, b) scadictgif depending on the position of the strange
ship with respect to the own ship.

For the sailing ship the longitudinal dimensiordofmainL, can be determined from formula:



Ly =(L; + Dy + (Vo +Veej ) Tom + HM +U )RIT (1)
where:
L; - ship length expressed in [Mm] (for a strangesobjletected by the radar system ARPA it is
assumed as equal to the length of the own ship L),
D, - maximum closure distance,
V.- speed of the own ship,
VgeL - relative speed of the strange ship,
Ton time of the safe manoeuvre,
HM - coefficient depending on sea conditions,
U - ship position error,
R - scaling factor depending on the type of watgiom (the following values were assumed:
open se&=1; harbour approadR=0.8; narrow channét=0.2),
Cos — scaling factor depending on the position ofapproached strange ship.

The remaining dimensions of the domdig, (s, L4, Ls, Lg Figure 3a) are determined as parts
of the basic dimension L1. Their detailed desaipttan be found in [9].

The ship domain defines the prohibited area indpace in which the ship trajectory is
determined. In an extreme case when the traffisténsive and the number of sailing objects is
large, a situation may occur in which the entiracgpof the searched solutions is covered by the
domains. Therefore it is advisable to introduceezimnism which will reduce dimensions of the
domains for objects with which the collision isddikely to occur. This role is played by the
scaling factorCys which takes different values depending on wheeeaibproached ship is with
respect to the own ship position. The principlsadle factor selection is illustrated in Figure 3b.
For objects situated on the left side, i.e. thoke @are obliged to give way according to the rules
of the nautical road, the coefficief.s takes smaller values. Its value is also affecteditether
the course of the approached object crosses tiysaddrajectory in front of the bow or behind
the stern of the own ship.

3 Evolutionary algorithm

Determining and correcting the ship trajectory @nel using a competitive multipopulation
evolutionary algorithm (WKAE - abbreviation of tHeolish name). When constructing the
algorithm it was assumed that the ship trajectergeafined in the form of a broken line, with
turning points as vertexes. Additionally, each vidlial trajectory segment is labelled with the
speed at which the ship is to cover this segmdme. first turning point is the initial position of
the ship and the last turning point is the tardethe trip. A detailed description of the adopted
construction of the chromosome can be found i@} [8].

The ship trajectory is evaluated using the fitnfesetion, created as the sum of the safety
costs and the economic costs:

K (TP) = K(TP)+ Ke(TP) )

where: K¢ — total cost connected with covering the trajectéiz - safety costs connected with
the distance to the constrainkg - economic costs connected with the length ofttagctory
and the number of turning points. A detailed degiom of the here adopted fitness function can
be found in [8].



A general principle of action of an evolutionargaithm bases on cyclic processing of the
population of solutions with the aid of generic @ters, such as crossing and mutation [2]. A
fundamental disadvantage of the classical evolatipmlgorithm is the problem with obtaining
repeatable results. In order to improve the rditgland repeatability of the obtained solutions,
an evolutionary algorithm is proposed, the strgiir which is shown in Fig. 4. The WKAE is
composed of two algorithms the solutions of whightained in the evolution process, compete
with each other. The final solution is that evaddats better fitting the assumed evaluation
criteria.
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Figure 4. Structure of the competitive multipopulation ew@unary algorithm.

The first competing algorithm is started a numblketiroes, with the best solution from the
previous start being introduced to the processguilption. The migration is done with some
experimentally adjusted delay.

The second algorithm contains two populationsdrsitucture. They are the main population
and the elite population. The elite population éstesof best fitted individuals from the initial
population. The main population contains the remginworse fitted individuals from the initial
population [3]. These two populations evolve indefmntly, but the migration of individuals
between them is possible. The migration takes plden the fitness of an individual in the main
population is higher than the average fitness i dlite population. The level and time of
migration delay were selected experimentally. Tagebpopulation is responsible for exploration
of the space of problem solutions, while the dlitpulation explores the vicinity of the best
solutions obtained from the main population.

The individuals for the initial population are gested in a random way. As a result, the
majority of the trajectories represented by theviddals include segments that violate static



constrains or reveal loops. Additionally, some fegts of the trajectory may turn out
impossible for practical execution, for instanage o excessive course change at a turning point,
or too small length of the trajectory segment. Trtigal population for the navigational situation
with two lands, the shallow water, and a water larghown in Fig. 5a.

In order to improve the efficiency of WKAE operatjahe initial populations are subject to
preliminary processing [2]. The first processingpstocuses on removing loops in the trajectories
by the repair operator (Figure 5b). The next modifon of the genetic material is smoothing the
trajectories composing the initial population (Fg&c). Avoiding static constraints was obtained
by introducing additional turning points which letigt ship along the borders of the prohibited
areas surrounding the lands and shallow waterajomg the relevant traffic lanes of the water
lanes (Figure 5d).

Along with the above discussed repair operatorcigfiged versions of the operators were
used to improve the efficiency of algorithm opemati

— action of the basic mutation operator was magedgent on the angle between the two
segments linking each other at the examined turp@iat:

= when the angle is large, the gene is removed pedvitiat the new trajectory does
not violate navigational restrictions,

= when the angle is medium-sized, the vertex is efiftandomly in the direction
which smoothes the trajectory, the operation isedprovided that the trajectory
remains safe,

= aturning point is added when the angle betweeratlig@cent segments is small, the
vertex is shifted to a randomly selected positiarttee first ray of the angle and the
new point is placed at a random position on thesécay

— global mutation, which shifts randomly the tugnipoint within the entire area of the
analysed navigational situation,

— adding a random turning point,

— speed mutation, which modifies the speed at damiy selected trajectory segment to
make it possible to avoid contact with dynamic ¢raists,

— operator executing the avoidance manoeuvre fumctihich introduces turning to the
left or right side to avoid collision with the apgiching ship,

— crossing, using the genetic material from twoepartrajectories this operator creates
offspring individuals. The crossing points on parehromosomes are selected in a
random way from among the crossing points whichndt lead to the violation of
restrictions in the offspring individuals. Then timglividuals exchange the cut-off parts
thus creating the offspring.

In all cases the change introduced by a given ¢gef@r the individual is only possible when
it does not lead to the violation of restrictions.

During the operation of the algorithm the operatams selected randomly. The probability
that a given operator will be selected changes tvitk within the assumed limits depending on
the effect of its operation on the quality of earlprocessed trajectories. The effects of operation
of the developed genetic operators are shown inFéidn which we can see the population from
Fig. 5d after one generation. Figure 5f presemgptipulation after successive 20 generations.



Figure 5. The operation of genetic operators a) randomlgtecinitial trajectory population, b)
population after loop removal, ¢) population afaroothing, d) population after repair oriented on
avoiding static constraints, €) population aftegke action of all genetic operators, f) populatafter 20
cycles of operation of genetic operators.

4 Experimental investigations

The experimental investigations were carried ouiguthe sea environment simulator described
in [5] and [7]. The analysed navigational situatinoluded the land and nine approaching ships



(Figure 6). The ship No. 2 is the source of direallision threat. Solutions obtained in five

successive starts of the algorithm are shown in#ig
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Figure 6. Navigational situation.
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Figure 7. Solutions obtained after 5 consecutive starthefagorithm.



The ship moving along the trajectory determinedMAE performs turning to the right to
avoid the approaching ship No. 2. The course ofdhaulation is shown in Figure 8. The
trajectory determined by WKAE made it possible aagpsafely the approaching ships.
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Figure 8. Simulation in which the ship follows the trajegtatetermined by WKAE.

5 Conclusions

Practical application of the competitive multipagtidn evolutionary algorithm can considerably

relieve navigator’'s work, in particular calculattonriented on determining the ship trajectory

and anti-collision manoeuvres. An essential adgntd the system is the improved repeatability
of the obtained results. The algorithm can alsdrimrte to the increase of safety at sea, and to
the reduction of ship operation costs.
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