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ABSTRACT

A

The paper presents the continuation of the author s research on evolutionary approach to
ship trajectory planning. While the general problem of the evolutionary trajectory planning
has already been solved, no one has yet touched one of its specific aspects: evolutionary
trajectory planning within Traffic Separation Schemes. Traffic Separation Scheme (TSS)
is a traffic-management route-system complying with rules of the International Maritime
Organization. In brief, the ships navigating within a TSS all sail in the direction assigned to
a particular traffic lane or they cross at a course angle as close to 90 degrees as possible.

This and other TSS rules largely affect the evolutionary method. The paper presents a proposal of the
extended evolutionary method, with a focus on changes that have to be made to obey TSS rules, especially
the changes in the phases of evaluation and specialised operators of the evolutionary cycle.
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INTRODUCTION

As for now, nearly all aspects of marine navigation
have been subjects to scientific research, with most of the
navigational processes having been modelled and the decision
problems described formally. Especially, there are many
numerical methods for planning ship routes or collision-
avoidance manoeuvres. Even though some of them have not
been applied yet, these problems are generally considered to be
solved from the basic research point of view. Traffic Separation
Scheme (TSS) rules however are an exception and have not
been thoroughly investigated yet. In particular, there are no
algorithms based on them while the rules themselves are too
ambiguous to implement them directly.

The Traffic Separation Scheme (TSS) is a route management
system complying with rules of the International Maritime
Organization (IMO). TSS’s are used to regulate the traffic at
busy, confined waterways (usually port waters) or around capes.
Typically a TSS consists of at least one traffic lane in each main-
direction, turning-points, deep water lanes, separation zones
between the main traffic lanes and inshore zones. The body of
water between two opposite lanes is an area where navigating
is only allowed under special circumstances (collision
avoidance manoeuvres or crossing the lanes). As a result of
lane separation, a risk for head-on collisions is greatly reduced.
Where needed, there are special zones where a lane splits into

two channels: one on-going and the other to the nearby ports.
In most TTS schemes there are also Inshore Traffic Zones
between the traffic-lanes and the coast. The inshore traffic zone
is unregulated and should not be used for on-going traffic: it is
meant for local traffic, fishing and small craft only.

There are a number of methods of solving multi-ship
encounter situations: they can be divided into deterministic and
heuristic ones. Deterministic approach is based on differential
games and has been proposed by Lisowski [10]. Of the heuristic
ones the most successful and flexible is searching for a ship’s
trajectory by genetic or evolutionary algorithms. The method has
been first proposed by Smierzchalski and Michalewicz [12] and
since then similar approaches has been tried by other researchers:
evolutionary computation (EC) may be applied for finding an
optimal path [16, 21] and genetic algorithms (GA) are used for
optimization of collision avoidance manoeuvres [8, 18]. Other
related approaches include trajectory optimization by using
genetic annealing algorithm [1] and ship collision avoidance
route planning by ant colony algorithm [17]. Summaries of
applying GA and EC to maritime collision avoidance and
trajectory planning have been presented in [13, 20] among
others. In short, EC and GA approach to the problem use
algorithms which for a given set of pre-determined input
trajectories find a solution that is optimum according to a given
fitness function. In this paper is introduced an extension to the
evolutionary approach previously proposed by the author [15],
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which allows the evolutionary method to support special rules
that have to be obeyed within Traffic Separation Schemes.

Handling the TSS rules affects two phases of the evolutionary
method: evaluation (where breaking the rules is detected and
penalized by fitness function) and specialised operators which
aim at eliminating the violations of the rules by adjusting the
trajectories of ships. Therefore it is these two phases that the
paper focuses on. The rest of the paper is organized as follows.
In the next section a more formal description of the problem
is given, including the particular TSS rules which have to be
obeyed. Then the ways of detecting constraints violations,
including violations of TSS rules, are discussed. This is followed
by the summarised foundations of the evolutionary method,
with a brief explanation of each of the phases of the cycle.
Then detailed descriptions of phases of interest (evaluation and
specialised operators) are provided. Finally example results of
the method and the conclusions are presented.

OPTIMISATION PROBLEM

It is assumed that the following data are given:

- stationary constraints (such as landmasses and other
obstacles),

- positions, courses and speeds of all ships involved,

- ship domains,

- times necessary for accepting and executing the proposed
manoeuvres.

Ship positions and ship motion parameters are provided
by ARPA (Automatic Radar Plotting Aid) and AIS (Automatic
Identification System) systems. A ship domain can be determined
on the basis of the ship’s length, its motion parameters and type
of water region. Since the shape of a domain is dependent
on type of water region, the author has decided to use a ship
domain model by Davis [5], which updated Goodwin model [7],
for open waters and to use a ship domain model by Coldwell
[3], which updated Fuji model [6], for restricted waters. The
last parameter — the necessary time, is computed on the basis of
navigational decision time and the ship’s manoeuvring abilities.
By default a 6-minute value is used here.

There are also some additional COLREGS-related
assumptions, namely:

- the method is applied for good visibility conditions,

- all considered ships are equally privileged,

- all considered ships have motor engines and are not
restricted in their ability to manoeuvre: no sailing ships or
damaged ships are taken into account — such ships should be
always given way to (COLREGS, Rule18 - responsibilities
between vessels),

Knowing all the above mentioned parameters, the goal
is to find a set of trajectories which minimizes the average
way loss spent on manoeuvring, while fulfilling the following
conditions:

- none of the stationary constraints are violated,

- none of the ship domains are violated,

- the minimal acceptable course alteration should not be
too small (the minimal alteration of 15 degrees has been
assumed here),

- the maximal acceptable course alteration should not be
too large (the maximal alteration of 60 degrees has been
assumed here),

- speed alteration are not to be applied unless necessary
(collision cannot be avoided by course alteration up to 60
degrees),
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- aship only manoeuvres when she is obliged to,
- in case of head-on and crossing encounters, manoeuvres to
starboard are favoured over manoeuvres to port board.

As for the first two conditions, all obstacles have to be
avoided and the ship domain is an area that should not be violated
by definition. All the other conditions are either imposed by
COLREGS [2, 4] and good marine practice or by economics.
In particular, very small course alterations might be misleading
for the ARPA systems (and therefore may lead to collisions)
and very large course alterations are not recommended due to
efficiency reasons. Also, ships should only manoeuvre when
necessary, since each manoeuvre of a ship makes it harder
to track its motion parameters for the other ships” ARPA
systems. Apart from the main constraints, additional constraints
— selected COLREGS rules have to be directly handled.
In brief, the basic COLREGS rules of interest here are:

- Rule 13 — overtaking: an overtaking vessel must keep well
clear of the vessel being overtaken.

- Rule 14 - head-on situations: when two power-driven
vessels are meeting head-on both must alter course to
starboard so that they pass on the port side of the other.

- Rule 15 - crossing situations: when two power-driven
vessels are crossing, the vessel, which has the other on the
starboard side must give way.

- Rule 16 - the give-way vessel: the give-way vessel must
take early a substantial action to keep well clear.

- Rule 17 - the stand-on vessel: the stand-on vessel may take
action to avoid collision if it becomes clear that the give-
way vessel is not taking appropriate action.

The behaviour of ships within TSS is specified by Rule 10

whose key points are as follows:

a) A vessel using a traffic separation scheme shall:

- proceed in the appropriate traffic lane in the general
direction of traffic flow for that lane,

- so far as practicable keep clear of a traffic separation
line or separation zone,

- joinor leave a traffic lane at the termination of the lane,
but when joining or leaving from either side shall do so
at as small an angle to the general direction of traffic
flow as practicable.

b) A vessel shall so far as practicable avoid crossing traffic
lanes, but if obliged to do so shall cross on a heading as
nearly as practicable at right angle to the general direction
of traffic flow.

¢) A vessel shall not use an inshore traffic zone when she can
safely use the appropriate traffic lane within the adjacent
traffic separation scheme unless:

- it is a vessel of less than 20 metres in length, sailing
vessel or that engaged in fishing,

- it is on route to or from a port, offshore installation
or structure, pilot station or any other place situated
within the inshore traffic zone, or to avoid immediate
danger.

d) A vessel other than a crossing vessel or a vessel joining or
leaving a lane shall not normally enter a separation zone or
cross a separation line except:

- in cases of emergency to avoid immediate danger,

- to engage in fishing within a separation zone.

In the following sections it is analysed how the violations of
all these constraints can be detected, and how severely should
they be penalized during the evaluation phase by the fitness
function of the evolutionary method.



DETECTING VIOLATIONS OF
CONSTRAINTS

Detecting violations of static constraints
(collisions with landmasses and safety isobaths)

The method uses a vector map of a given area. However it is
not processed directly for detection of constraints violations, but
for generating bitmap of an area, which is done offline and only
once for each area. Then, when the method is running in real
time, each bitmap cell, which the trajectory of a ship traverses,
is read and checked for belonging to landmass or safety
isobaths. For a bitmap whose detail level reflects this of a given
vector map, the computational time would be proportional to the
number of traversed cells and thus acceptable. This approach
is also quite flexible in terms of future implementation of
bathymetry: if every cell contained information on the water
depth, it would be easy to check whether a cell is passable or
not for a particular ship.

Detecting ship domain violations

The algorithm for detecting ship-to-ship collisions is as
follows. Each ship’s trajectory is checked against all other
ships. For each pair of ships, the start time and end time of each
trajectory’s segments are computed. If two segments of the two
trajectories overlap in time, they are checked for geometrical
crossing. In case of a crossing, the approach factor value is
computed. Then, if the approach factor value indicates collision,
the type of an encounter (head-on, crossing or overtaking) is
determined on the basis of the ships’ courses and it is decided,
which ship is to give way (both ships in case of head-on).
The collision is only registered for the give-way ship and the
information on the collision are stored in the trajectory’s data
structure.

Detecting general COLREGS violations

The three most common types of COLREGS violations

are as follows:

- aship does not give way, when it should,

- aship gives way, when it should not (making unexpected
and misleading manoeuvres),

- aship manoeuvres to port-board when it should manoeuvre
to starboard.

Each of these three situations may happen on either open
or restricted waters, which gives a total of six cases to handle.
Unfortunately, when analysing a set of ship trajectories
for a multi-target encounter, it is sometimes impossible to
recognize the reason for a particular manoeuvre: which ship
was given way intentionally, and which one benefited from
it only as a side effect. As a result, not all violations can be
detected. The final COLREGS violations detection rules applied
in the method are:

1) In open waters:

a) if a ship is not obliged to give way to any other ship,
any manoeuvre it performs is registered as COLREGS
violation,

b) if a ship is obliged to give way and does not perform
a manoeuvre, it is registered as COLREGS violation,

¢) all manoeuvres to port board are registered as COLREGS
violations.

2) In restricted waters: here, as explained before, every
trajectory node which is a part of a manoeuvre, contains
information on the reason why this particular node has
been inserted or shifted: land or other stationary obstacle
avoidance, target avoidance or accidental manoeuvre
generated by evolutionary mechanisms. Based on this,
COLREGS violations are registered as follows:

a) if a ship does not initially have to give way to any
target and its first manoeuvre has reason other than
static constraint violation avoidance, it is registered as
COLREGS violation,

b) any manoeuvre to port board of reason other than
static constraint violation avoidance is registered as
COLREGS violation.

Detecting TSS rules violations

The possible lawful types of routes which are the results
of applying the COLREGS rule 10 are shown in Fig. 1. For
a TSS sector shown in Fig. 1 the preferred tracks that the ships
should follow are:

- Track A — through traffic,

- Track B — traffic using a lane and crossing another lane to
reach inshore zone; notice the small angle at which it leaves
the lane to reach separation zone and altering course within
the separation zone,

- Track C — traffic crossing TSS at right angle,

- Track D — traffic joining lane from the side,

- Track E —traffic leaving the inshore zone, crossing one lane
and joining the other lane,

- Track F — traffic leaving the lane at small angle.

r’ﬂc.i. E

Fig. 1. TSS and different routes through a sector

The algorithm for TSS rules’ violation detection is given as
follows. The first step for checking for a TSS rule violation is
always the checking if a trajectory’s segment has crossed with
a certain TSS system. If so, then each of the TSS’s parts will
be checked. Since each part of a TSS is a polygon it is enough
to detect a crossing of a trajectory’s segment with one of the
polygon’s edges. Once such crossing has been detected the
further conditions for violations will be checked, depending on
the particular TSS part. The following types of TSS violations
have been identified and used in this research (the violations
have been grouped into three major categories, which are
shown in Fig. 2-4):
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1. Inshore Zone entered: the first endpoint of a trajectory’s
segment is outside the Inshore Zone and the second one is
inside.

2. Inshore Zone traversed: both endpoints of a trajectory’s
segment are inside the Inshore Zone.

3. Inshore Zone crossed: both endpoints of a trajectory’s
segment are outside the Inshore Zone and the segment
crosses Inshore Zone boundaries.

4. Inshore Zone exited: the first endpoint of a trajectory’s
segment is inside the Inshore Zone and the second one is
outside.

5. Traffic lane entered at a wrong course: the first endpoint
of a trajectory’s segment is outside the traffic lane and the
second one is inside. The course of entrance differs from
the lane’s direction by more than 20 degrees.

6. Traffic lane traversed at a wrong course: both endpoints
of a trajectory’s segment are inside the lane. The course of
a segment differs from the lane’s direction by more than 5
degrees.

7. Traffic lane cross-traversed at a wrong course: both
endpoints of a trajectory’s segment are outside the lane.
The course of a segment differs from the lane’s direction
by more than 5 degrees but less than 45 degrees.

8. Traffic lane cross-traversed at a wrong direction: both
endpoints of a trajectory’s segment are outside the lane.
The course of a segment differs from the lane’s direction
by more than 135 degrees.

9. Traffic lane crossed at a wrong course: both endpoints
of a trajectory’s segment are outside the lane. The
course of a segment differs from the perpendicular to the
lane’s direction by more than 5 degrees and less than 45
degrees.

10. Traffic lane exited at a wrong course: the first endpoint
of a trajectory’s segment is inside the traffic lane and the
second one is inside? The course of a segment differs from
the lane’s direction by more than 20 degrees.

11. Separation lane entered: the first endpoint of a trajectory’s
segment is outside the separation lane and the second one
is inside.

12. Separation lane traversed: both endpoints of a trajectory’s
segment are inside the separation lane.

13. Separation lane crossed: both endpoints of a trajectory’s
segment are outside the separation lane.

14. Separation lane exited: the first endpoint of a trajectory’s
segment is inside the separation lane and the second one is
outside.

The identified violation types of TSS rules are shown in Fig.
2 (Inshore Zone violations), Fig. 3 (Separation lane violations)
and Fig. 4 (Traffic lane violations).

EVOLUTIONARY COMPUTING -
GENERAL IDEA

Before proceeding further with the details of the method
which solves the above formulated optimization problem, some
basic information on evolutionary programming are provided
in this section. The general idea of evolutionary computing
[11] is shown in Fig. 5.

First, the initial population of individuals (each being
a potential solution to the problem) is generated either randomly
or by other methods. Usually none of the individuals is optimal
or even close to that. Sometimes none of the individuals is
acceptable. This initial population is a subject of subsequent
iterations of evolutionary algorithm. Each of the iterations
consists of the following steps:
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Fig. 5. Evolutionary algorithms - general idea

1. Reproduction: sets of parents (usually pairs) are selected
from all of the individuals and they are crossed to produce
offspring. The offspring inherits some features from each
parent.

2. Evolutionary operations: the offspring is modified by
means of random mutation operators as well as specialized
operators dedicated to the problem.

3. Evaluation: each of the individuals (including parents
and the offspring) is assigned a value of a fitness function
which reflects the quality of the solution represented by this
individual.

4. Succession: the next generation of individuals is selected. The
selection is based on the results of the evaluation. Usually
the individuals are chosen randomly with the probability
strictly depending on the fitness function value.

The evolutionary algorithm ends when one of the following

happens:

- maximum acceptable time or number of iterations is
reached,

- the satisfactorily high value of fitness function has been
reached by one of the individuals,

- further evolution brings no improvement.

The main difference between the evolutionary computing
and pure genetic algorithms is that in the former the individuals
directly represent the potential solutions to the problem,
without being translated to chromosomes first. This allows for
specialised operators dedicated to the problem, which, for some
classes of optimisation tasks, greatly speed up the evolutionary
process, resulting in a much lesser number of generations
needed and much lower computational time. The method
discussed in the paper, focuses on specialised operators thus
fully utilizing the possibilities of evolutionary computing.

EVALUATION

In the evolutionary method all individuals (sets of
trajectories) are evaluated by the specially designed fitness
function which should reflect optimisation criteria and
constraints [11]. In this section it is shown how this fitness
function is formulated.

Basic criterion — minimizing way loss

The basic criterion is the economic one — minimizing
way loss of a ship. A trajectory_economy_factor is computed
according to the formula (1).

trajectory _economy factor = W

_ [ trajectory _length— way _ loss
trajectory _ length

where:

trajectory length — the total length of the ship’s trajectory
[nautical miles],

the total way loss of the ship’s trajectory
[nautical miles] computed as a difference
between the trajectory length and length
of a segment joining trajectory’s start
point and endpoint.

way_loss —

As can be seen, the trajectory economy factor is always
a number from a (0,1] range.

Penalizing static constraint violation

After the trajectory economy factor has been computed
the static constraints are handled by introducing penalties for
violating them. For each trajectory its static constraint factor
scf is computed. The static constraints are always valid and
their violations must be avoided at all costs, therefore penalties
applied here are the most severe — hence the square in the
formula (2).

2
sof= trajectory length — trajectory cross_length
trajectory length
2)

where:

trajectory cross length — the total length of the parts of the
ship’s trajectory which violate
stationary constraints [nautical
miles].

The static constraint factor is a number from a [0,1] range,
where “1” value means no static constraint violation (no
landmasses or other obstacles are crossed) and “0” value is for
trajectories crossing landmasses on their whole length.

Penalizing collisions with other ships

Analogically to the static constraint factor, collision
avoidance factor caf'is computed to reflect the ship’s collisions
with all other privileged ships as shown by (3).

n
. . 2
caf = H[mln(fmm i-D] (3)
J=1
where:
n  — the number of ships [/],
j  — the index of a target ship [/],

fminj — the approach factor [14] value for an encounter with
ship j, if the own ship is the privileged one, the potential
collision is ignored and the approach factor value is
equal to 1 by definition. [/].

The collision avoidance factor is a number from a [0,1]
range, where “1” value means no ship domain violation and
“0” means a crash with at least one of the targets.

Penalizing TSS rules violations

TSS compliance factor tcf is computed according to the
following formula (4).

tef =1- Z[TSS _violation _ penalty, ]  (4)

k=1

where:

m — he number of TSS rules violation
registered for the current ship [/],

k — the index of a registered violation
/1,

TSS violation penalty, — the penalty for the k-th of the
registered TSS rules violation [/].
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The TSS rules violations are penalized as follows:
1. through 4. (Inshore Zone violations):
TSS violation_penalty =
=2 - segment violation percentage ®
5. and 10. (Traffic Lane is entered or exited at a wrong course):
TSS violation_penalty =
=2 - segment_violation percentage -  (6)
- sin(e_dev_angle)

where:
e dev_angle = |traffic_lane course — ship_course| — 20 (7)

6.and 7. (Traffic Lane is traversed at a wrong course or Traffic
lane is cross-traversed at a wrong course):

TSS violation_penalty =
=2 -segment_violation percentage - (8)
- sin(t_dev_angle)

where:
t dev_angle = [traffic lane course — ship course| -5 (9)
8. (Traffic lane is cross-traversed at a wrong direction):
TSS violation penalty = (10)

C . ct _dev_angle
=2-segment_violation_percentage- sm(———g

)

where:
ct_dev_angle = [traffic_lane_course — ship_course| — 5 (11)

9. (Traffic lane is crossed at a wrong course):
TSS violation penalty =
=2 - segment violation percentage - (12)

- sin(c_dev_angle)

where:
c_dev_angle = |perpendicular_to traffic_lane course —

+ ship_course| — 5 (13)
11. through 14. (Separation Lane violations):
TSS violation penalty =
_ segment_violation_ percentage (14)
2
For all penalty formulas:

segment_violation percentage =

5)

_ violating_ part _length

segment_length

16 POLISH MARITIME RESEARCH, No 1/2012

Penalizing other COLREGS violations

Within TSS, the other COLREGS violations are secondary
to static constraint violations, collisions with other ships and
TSS rules violation and therefore the author has decided to
penalize it moderately to make sure that constraints from the
previous two points are met first. COLREGS compliance factor
ccf'is computed according to the following formula:

ccf= l—z [COLREGS _violation_penalty,] (16)

k=1

where:

m — the number of COLREGS
violation registered for
the current ship [/],

k — the index of a registered

violation [/],
the penalty for the k-th of
the registered COLREGS
violation [/].

COLREGS violation penalty, —

The penalty values for all registered COLREGS violations
are configurable in the method and are set to 0.05 by default.

Fitness function value

Once all aforementioned factors have been computed the
normalized fitness function value is calculated. The fitness
function is normalized for convenience of further evolutionary
operations, mostly for selection purposes. As a result no
additional operations on fitness function values are necessary
and they can directly be used for random proportional and
modified random proportional selection in the reproduction
and succession phases of the evolutionary algorithm. It is also
easier to measure and see progress that is made with each
generation. However, normalized fitness function is harder to
obtain, because one has to make sure that the high resolution of
evaluating the individuals is kept, namely that various levels of
penalties are used: stationary constraints, being more important
than collision avoidance and collision avoidance being more
important than COLREGS compliance. Here, the normalized
fitness function keeps relatively high resolution of evaluation:
minor stationary constraints violations are penalized similarly
as major collisions with other ships and minor collisions with
other ships are penalized similarly as multiple COLREGS
violations. The final fitness function is as follows:

trajectory_fitness =
(17)
= trajectory_economy_factor - scf - caf - tcf - ccf

SPECIALISED OPERATORS WHICH FIX
TSS RULES’ VIOLATIONS

The random mutation operators and specialised operators
dedicated for static constraints’ violations problem and ship
collisions’ problem have been introduced in [15]. Therefore
in this section only new, previously not presented operators
which fix TSS rules’ violations are described here. In the
method’s data structure all TSS violations are stored and their
data contains:

- VTS violation type
- numbers which identify a TSS and its part which has been
violated



- a segment responsible for the violation (identified by its
first node)

- recommended course for this TSS part

- violation angle (the difference between recommended
course and the segment’s course)

- percentage of a segment’s length which violates the rule

- coordinates of entrance point (if a segment enters a TSS
part)

- coordinates of exit point (if a segment exits a TSS part)

The designed operators are semi-deterministic [9], that is
based on these data, and it is decided what action can be taken
to fix the part of a trajectory which violates the TSS rules. The
actions can be roughly classified as:

- avoiding entering a certain TSS part,
- adjusting the current course to the recommended course.

Below the operators used for fixing violations of inshore
zone, separator lanes and traffic lanes are briefly described.

Fixing violations of inshore zone

For violations of inshore zone the action is always avoiding
entering this part of a TSS. The operators which are used for
this are:

- inserting a new segment,

- inserting a node,

- shifting the first node of a segment,

- shifting the second node of a segment,
- shifting a segment.

These operators work very similarly as collision voidance
operators described in [15]. A particular operator is chosen,
based on the time distance between two nodes, which constitute
the violating segment and on the time remaining to violation
when the ship is in the first node. It is assumed that a navigator
should always have a predefined amount of time for decision
making and manoeuvre execution (by default — 6 minutes) and
therefore the time between two subsequent manoeuvres cannot
be shorter than this predefined time. Inserting a new segment
(two course alteration manoeuvres) or a new node (a single
course alteration manoeuvre) should not affect the minimal
time space between manoeuvres. Therefore, the choice of an
operator is done as follows:

- whenever there is enough time, a new segment is inserted

- ifa new segment cannot be inserted, a new node is inserted,
if possible

- if a new node cannot be inserted, the violating segment or
one of its nodes is moved away from the violation point

(usually the entrance point). Usually the node closer to

the violation point is moved or a segment is moved if the

violation point is close to the middle of this segment.

The operators are illustrated in Fig. 6 through 10.
Fixing violations of separator lanes

It has been decided that violations of separator lanes, which
are penalized moderately, will not be fixed because they are
often side effects of collision avoidance manoeuvres. The only
exception is crossing a separator lane at a wrong course. In
such cases, if possible, a new node is inserted so as to cross
at a course perpendicular to the lane direction. The operator is
illustrated in Fig. 11.

Fig. 9. Fixing violations of inshore zone -
shifting the second node of a segment
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Fig. 10. Fixing violations of inshore zone - shifting a segment

Fig. 12. Fixing violations of traffic lane - entering or exiting the lane

Fig. 13. Fixing violations of traffic lane - traversing the lane

Fig. 11. Fixing violations of separator lane - crossing the separator lane

Fixing violations of traffic lanes

The fixing operators here work as follows:

- incase of entering or exiting at a wrong course, the second
node of the segment is moved so as to change the current
course to the one differing by 20 degrees from the lane
direction

- incase of traffic lane traversed at a wrong course (differing
from the recommended one by more than 5 degrees), the
second node is moved so as to adjust the course to the
recommended one. If this is not possible due to the course
difference being too large, the second node of the segment
?S deleted. Fig. 14. Fixing violations of traffic lane -

- incase of a traffic lane crossed at wrong course, a new node avoiding the movement in wrong direction
is inserted so as to cross at a course perpendicular to the
lane’s direction, similarly as in case of crossing a separator
lane

- incase of a traffic lane cross-traversed at a wrong direction,
the violation is fixed similarly as in case of inshore zone
violation, that is, an avoidance action is chosen

- in case of a traffic lane cross-traversed at wrong course,
a new segment is inserted between the nodes of the violating
segment so as to adjust movement within the lane to the
traffic lane direction. If such action generates entering or
exiting at wrong course, the second node of the violating
segment will be additionally moved so as to change the
current course to the one differing by 20 degrees from the
lane direction.

The operators are illustrated in Fig. 12 through 15. Fig. 15. Fixing violations of traffic lane - cross-traversing the lane
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EXAMPLES OF RESULTS
OF SIMULATIONS

In this section examples of ship routes planned by the
method are shown (Fig. 16 and 17). Both scenarios are set in
the Traffic Separation Scheme “Gulf of Gdansk” which consists
of the following elements:

a) “TSS-WEST” (incoming lane and outgoing lane separated
by a line — these traffic lanes are shown in a left part of each
figure)

b) “TSS-EAST” (incoming lane and outgoing lane separated
by a separator lane — these traffic lanes are shown in a right
part of each figure)

¢) “ITZ” - Inshore Traffic Zones (shown in a left part of each
figure and marked with a red dotted line)

d) Recommended tracks (additional routes).

In Fig. 16 a ship traverses the incoming traffic lane of “TSS-
WEST” and avoids violations of Inshore Traffic Zone, separator
line and outgoing traffic lane. The ship’s course is parallel to
the recommended direction throughout the lane’s length.

In Fig. 17 it is shown how a ship changes its course to
avoid violating “TSS-WEST” and then crosses two traffic
lanes and a separator lane of “TSS-EAST”. The crossing is
done perpendicularly to the lanes’ direction.

Fig. 16. A ship traversing an incoming traffic lane

Fig. 17. A ship crossing traffic lanes and a separator laneln both cases
the ships’ behaviour is compliant with TSS recommendations specified by
COLREGS Rule 10

SUMMARY AND CONCLUSIONS

In this paper an evolutionary trajectory planning method has
been presented. The description has been focused on supporting
rules abiding within Traffic Separation Schemes, which have
not been handled before by similar evolutionary methods
developed by other researchers. In the course of this work the
following tasks have been solved. First, TSS violations have
been grouped into categories. Then based on these categories,
fitness function including penalties for TSS violations has
been proposed. Finally a set of specialized TSS-dedicated
operators has been designed to increase the effectiveness of
fixing TSS violations. The preliminary tests of the method have
been carried out and they have confirmed the validity of the
presented approach. Examples of the method’s results has been
provided to illustrate how it finds a satisfying solution for basic
situations. Further research of the author will be concentrated
on a generalization of the presented method. The envisaged
future version of the method would return a set of trajectories
of all ships within jurisdiction of a VTS system supervising
a given TSS region.
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