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Abstract

The paper introduces a new algorithmic approach for ship’s safe path planning. A new method utilizes a database containing a
set of trajectories. An algorithm searches the trajectory base in order to find a safe trajectory that meets the optimality criterion
(criteria) selected by the system operator. The method presented can be applied in a navigation Decision Support System. The
method can also be adopted for applications in other environments, where similar problem occurs - in navigation of mobile robots
or aircrafts. It should be emphasized that dynamic properties of an own ship are included in the calculations.

The paper describes assumptions and constraints taken into account in the solution construction process, a presentation of the
Trajectory Base Algorithm (TBA) Decision Support System (DSS) and the explanation of the algorithm operation principle. A
successful application of the method proposed is confirmed by simulation tests carried out with the use of MATLAB environment.
The results of calculations with the use of implemented algorithm are presented and compared with solutions received by an
application of an approach based on a heuristic method - the Ant Colony Optimisation. The outcome and achievements are
summarized in the conclusions.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A Decision Support System (DSS) is an advisory system that aids an operator in the decision-making process.
Technological development stimulates the growth of different kinds and miscellaneous applications of DSSs. Types
of DSSs employ genetic algorithms, fuzzy sets, agents and computer vision techniques. The scope of DSS applications
is also very wide and continues to grow dynamically. Among exemplary applications medical diagnosis, business and
management, industrial control, planning and navigation in robotics and text analytics can be mentioned. A more
detailed presentation of different intelligent DSSs was introduced by Kaklauskas'. Here a DSS enables integration
of various sources of information from different sensors and uses miscellaneous Knowledge Engineering techniques
such as expert systems, case-based reasoning systems and fuzzy logic to determine optimal decisions®>. The ship’s
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safe path planning constitutes such a complex process, with a large amount of data to analyze, derived from different
navigation aids.

This paper presents a developed DSS, the purpose of which is to help in a process of ship’s collision avoidance. The
aim of the navigation DSS is to provide an advice to a navigator about the collision avoidance action (or a sequence
of actions - a ship’s safe trajectory) that should be taken in order to solve the actual navigation situation. A similar
problem of safe path planning occurs in mobile robots navigation®, navigation of aircrafts, Unmanned Aerial Vehicles
(UAVs) and other collision avoidance applications.

Over the years many different approaches to solving that problem have been developed. Among these proposals
a knowledge-based method has been introduced by Coenen et al.*. In order to create a navigation DSS, the author
proposes the creation of a knowledge base that is developed using International Regulations for Preventing Collisions
at Sea (COLREGS). Knowledge engineers will interpret these rules, including good seamanship practice, and based
upon that will develop a proper knowledge representation in the form of if-then rules. Knowledge management is
an important issue in a navigation DSS, because the system has to be developed capturing the knowledge of Subject
Matter Experts (SMEs)*® (navigation expert) in order to mimic the human-like decision making capability.

A similar approach of a collision avoidance expert system for Integrated Navigation Systems has been presented
by Yang et al.”. Other approach to a ship’s collision avoidance system, making use of a knowledge base, has been
introduced by Lee and Kim®. In this method a knowledge-based system is linked up with a Candidate Sector set Se-
lection Module, which uses a polar histogram to calculate candidate sectors. A candidate sector is a sector satisfying
optimality and safety of the solution - the ship’s trajectory. Other Computational Intelligence (CI) and Artificial Intel-
ligence (AI) methods for a navigation DSS include Ant Colony Optimisation (ACO)*!°, neural networks presented by
Ahn et al.'! and Simsir et al.'?, differential games'?, branch-and-bound method, dynamic programming and genetic
algorithm'4.

Despite these many proposals, the issue has not been definitely solved so far. Complexity of the problem makes it
difficult to develop a solution taking into account all of the demands and constraints, such as multi-ship encounters,
presence of static obstacles, manoeuvres of other ships, an own ship mission profile, weather conditions and dynamic
properties of a ship. The restrictions that have to be taken into account in order to achieve a proper problem solving
capability of the DSS are presented in Fig. 1. The purpose of this paper is to propose a navigation DSS utilizing a
new method and aimed at elimination or at least reduction of the limitations previously introduced.

Nomenclature

tm the time of the OS manoeuvre

x  longitude of the OS position

y latitude of the OS position

D; the distance of the j-th TS from the OS
D, the safe distance of the TS from the OS
N true north

N; the bearing of the j-th TS

OS the own ship - the ship with the DSS
TS the target ship - the ship that need to be avoided
V  the speed of the OS

V; the speed of the j-th TS

Y the course of the OS

¥; the course of the j-th TS

AY the course change of the OS
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Fig. 1. Restrictions taken into account in a ship’s safe path planning process.
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Fig. 2. The navigation DSS architecture.

2. The Trajectory Base Algorithm-based Decision Support System

The aim of the navigation DSS presented in this paper is the calculation of a course change manoeuvre or a
speed reduction manoeuvre or a sequence of manoeuvres (a ship’s safe trajectory) and a presentation of the computed
solution to a navigator as an advice in his decision-making process. The navigation DSS architecture is presented
in Fig. 2. The developed Trajectory Base Algorithm (TBA) DSS is composed of four modules: Data Input Module,
Trajectory Base Module, Trajectory Base Algorithm Module and Solution Output Module as shown in Fig. 3. The task
of the Data Input Module is to receive the data describing the actual navigation situation from different navigation
aids such as a radar with an Automatic Radar Plotting Aid (ARPA), an Automatic Identification System (AIS), an
Electronic Chart Display and Information System (ECDIS), a gyrocompass, a speed log, an echo sounder, a Global
Positioning System (GPS) or a Differential Global Positioning System (DGPS), wind speed and direction sensors.
These data include an own ship’s course and speed, target ships’ courses, speeds, bearings and distances from an



Agnieszka Lazarowska / Procedia Computer Science 96 (2016) 1022 — 1031 1025

own ship, information concerning position of static constraints (lands, islands, buoys, fairways, canals, shallows) and
visibility/weather conditions. The data describing an own ship and target ship for an exemplary navigation situation
are presented in Fig. 4.

Trajectory Base
Algorithm

Data Input Solution Output

Fig. 3. The Trajectory Base Algorithm-based Decision Support System.

N,Y
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Fig. 4. An exemplary navigation situation.

The Trajectory Base Module is a database containing a set of candidate solutions (candidate trajectories). The
current version of the database contains 6261 trajectories generated with the use of 34 rules. An exemplary rule is
presented as Algorithm 1 and the trajectories generated with the use of this rule are shown in Fig. 5. The Trajectory
Base Algorithm Module is responsible for the calculation of a solution. In the Knowledge-Based approach the solution
is achieved by searching through the rule base defined in the form of if-then rules in order to find a solution appropriate
for the considered navigation situation (a proper collision avoidance action). In the method proposed in this paper
a TBA searches through the trajectory base instead of the rule base in order to find the best solution in terms of its
safety and optimality. The Solution Output Module transmits a solution in a graphical and numerical form to the
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system operator. The transmitted data include a graphical presentation of a calculated ship’s safe trajectory along with
an own ship’s course at every line segment of the trajectory, the length of the trajectory and the time of an own ship
passage to the end waypoint.

Algorithm 1 Rule for generation of exemplary trajectories.
X=XS; y=Ys;
for j:=2to 9 do
for k:=1to 5 do
trajectory(i)=[(x.y) (x+k,j) (x.y+ye)l:
1:=i+1;
end for
end for

end waypoint

start waypoint

Fig. 5. Trajectories generated with the use of an exemplary rule.

3. The Trajectory Base Algorithm

Based upon the data received from the Data Input Module a relative course, bearing and speed of every target
ship is calculated in relation to an own ship. Next, the first candidate trajectory is retrieved from the trajectory base.
Candidate trajectories in the database are sorted according to the user’s preferences. A system operator can decide
whether he prefers to receive the shortest trajectory, the fastest trajectory or a compromise of both criteria. The
candidate trajectory is then evaluated in terms of its compliance with static and dynamic restrictions.

The evaluation process begins with the division of the candidate trajectory into a number of steps. After that, every
own ship movement from the current position to the next position (current step of an own ship movement along the
trajectory) is checked whether it constitutes a course change manoeuvre. When the current step is a course alteration
manoeuvre, dynamic properties of an own ship are applied in a form of a proper value of a manoeuvre time. The
manoeuvre time is computed at the stage of the system application for a specified vessel and stored in a table. The
manoeuvre time depends on a rudder angle, ship’s speed and loading conditions. The manoeuvre time as a function
of a course change for an exemplary vessel is shown in Fig. 6.

After application of a manoeuvre time, an own ship’s and target ships’ positions are calculated. If an own ship’s
and target ships’ positions do not cause a collision, the next step of an own ship movement along the trajectory is
checked against a collision occurrence. If a collision occurs, the candidate trajectory is rejected and the next candidate
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solution is retrieved from the database for evaluation. If the candidate trajectory fulfils all of the restrictions - at every
step of an own ship movement along the trajectory its position does not intersect the static and dynamic obstacles -
then this candidate solution becomes the final best solution and further calculations are interrupted. The algorithm
terminates its operation and the solution is passed to the Solution Output Module. Every target ship is modelled with
the use of a safety area called a ship’s domain. The shape and size of the domain, in addition to the assurance of a
safe distance between the ships, also enforces the COLREGs compliance of the solution. The flowchart of the TBA is
presented in Fig. 7 and the pseudo-code is shown as Algorithm 2.

wor e 4

120 J

tm [s]

Ayl °]

Fig. 6. The manoeuvre time as a function of a course change for an exemplary vessel - a 160 m long Mariner class vessel.

Algorithm 2 High-level pseudo-code for a Trajectory Base Algorithm.
for s:=1 ton do
while (termination condition not met) do
CheckSolutionFeasibility(s)
if s € AdmissibleSolutions then
if (f(5) < f(Spex)) then
Shest <~ S
end if
end if
end while
end for
return s,

4. Simulation tests

The above described TBA was implemented in the MATLAB programming language and was tested extensively
in order to evaluate its problem solving capability and the quality of results. The objective function is defined as the
length of a trajectory. It is calculated according to Equation 1 as a sum of the lengths w of k line segments (e, es, .., €x)
constituting a trajectory.

k

f(s) = Z w(e;) — min ()

i=1
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Fig. 7. A flowchart of the Trajectory Base Algorithm.
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Two representative test cases were chosen for a presentation in this paper - an encounter situation with one ship
and with four ships. The safe distance is assured by the application of a hexagon domain around a ship, shown in Fig.
8. The parameters marked in Fig. 8, defining the size of the hexagon domain, were set to the following values: A = 1

nm, B =0.6 nm, C =D = 0.25 nm, E = 0.6 nm.

Fig. 8. A ship’s hexagon domain.

The simulation tests were carried out for a Mariner class vessel with a length of 160.93 m as an own ship. The
dynamic properties of this vessel were taken into account during calculations. The mathematical model of a Mariner
class ship was acquired from the Marine Systems Simulator MATLAB toolbox presented by Fossen'>. The solutions
achieved with the use of the TBA were compared with the results returned by the ACO-based algorithm.

Table 1. Data of test case 1.

Ship YI°] V [kn] N[°] D [nm]
oS 0 14 - -

TS 180 12 0 10
Table 2. Results of test case 1.

Method Length of trajectory [nm] AVYI[°] Computational time [s]
TBA 9.22 14,25 0.4

ACO 9.22 11,25 19

Table 3. Data of test case 2.

Ship YI°] V [kn] N[°] D [nm]
oS 0 16 - -

TS1 90 16 315 8

TS2 315 17 45 4

TS3 180 17 355 6.5
TS4 0 15 180 3
Table 4. Results of test case 2.

Method Length of trajectory [nm] AV [°] Computational time [s]
TBA 9.4 18, 45,27 1.6

ACO 10.1 16, 61 22

Test case 1 is an encounter between an own ship and one target ship. The initial data describing this situation are
listed in Table 1. The solution obtained by the TBA is composed of two course alteration manoeuvres, the first one of
14 degrees and the second one of 25 degrees, while the trajectory computed by ACO-based algorithm also consists of
two course change manoeuvres, but with values of 11 degrees and 25 degrees. The results received by both algorithms
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are similar, but the difference in computational time is significant in favour of the TBA. The results of this test case
are presented in Table 2 and graphically in Fig. 9 (a).

Test case 2 is an encounter between an own ship and four target ships defined by data presented in Table 3. The
solution calculated by the TBA consists of three course change manoeuvres, the first one of 18 degrees, the second
one of 45 degrees and the third one of 27 degrees. The trajectory computed by ACO-based algorithm is composed
of two course alteration manoeuvres with values of 16 degrees and 61 degrees. The ship’s safe path returned by the
TBA is shorter by 0.7 nm and its computational time is much shorter for this case as compared to that of ACO-based
algorithm. The solutions for this test case are compared in Table 4 and graphically in Fig. 9 (b).
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Fig. 9. (a) OS trajectory computed for test case 1; (b) OS trajectory computed for test case 2.

5. Conclusions

The paper presents a DSS developed to aid the user in a decision-making process in a dynamic environment. The
aim of the developed navigation DSS is to achieve advancement of automation in the ship control process. The system
needs to utilize the knowledge of SMEs (navigation experts) concerning application of COLREGs and collision risk
assessment to achieve human-like decision making in a complex environment with many static and dynamic obstacles
and big data to analyze from many sensors. The DSS needs to have an ability of returning repeatable decisions and
results in a reasonable amount of time.

The navigation DSS utilizes a new algorithmic approach for solving the ship’s safe path planning problem - the
Trajectory Base Algorithm. In this method a database containing a set of trajectories is searched through in order to
find the best solution - a safe trajectory that best fulfils the optimality criterion. The dynamic properties of a vessel
are taken into account during calculations in the form of a manoeuvre time. The algorithm was implemented in the
MATLAB programming language and simulation tests were performed to confirm the problem solving capability
of the proposed method. The TBA performance was compared with the efficiency of one of the heuristic methods
- the ACO-based algorithm. The received results proof that the TBA achieves better performance than the ACO-
base algorithm with regard to the optimality of solution. The trajectories calculated by the TBA are shorter. The
computational time of the TBA is significantly shorter than that attained by the ACO-base algorithm. The TBA
DSS presented in this paper is applicable in commercial systems, because it takes into account the most important
restrictions of the ship’s safe path planning process, its operation principle is simple, it is able to return the solution in
near real-time and the solution is repeatable for every run of calculations.
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