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SUMMARY

The development of soft computing techniques in recent years has encouraged researchers to study on the path planning
problem in ship collision avoidance. These techniques have widely been implemented in marine industry and
technology-oriented novel solutions have been introduced. Various models, methods and techniques have been proposed
to solve the mentioned path planning problem with the aim of preventing reoccurrence of the problem and thus
strengthening marine safety as well as providing fuel consumption efficiency. The purpose of this study is to scrutinize
the models, methods and technologies proposed to settle the path planning issue in ship collision avoidance. The study
also aims to provide certain bibliometric information which develops a literature map of the related field. For this
purpose, a thorough literature review has been carried out. The results of the study have pointedly showed that the
artificial intelligence methods, fuzzy logic and heuristic algorithms have greatly been used by the researchers who are

interested in the related field.

NOMENCLATURE
CPA Closest Point of Approach
TCPA Time to Closest Point of Approach

DCPA Distance to Closest Point of Approach

COLREG International Regulation for Preventing
Collisions at Sea

WoS Web of Science

ARPA Automatic Radar Plotting Aid

AIS Automatic Identification System

(0N Own Ship

TS Target Ship

f Frequency

IF Impact Factor

N/A Not Available

usv Unmanned Maritime Surface Vehicle

PC Computer

1. INTRODUCTION

Over the years, ship navigation has conventionally been
carried out thoroughly by human endeavour (Statheros et
al., 2008), and it brings some human based errors
(Nguyen et al., 2012; Su et al., 2012; Yildirim et al.,
2015; Yildirim et al., 2017). Nowadays, developing
technology has contributed to ship crew for minimizing
these errors. These technologies may create some
intelligent navigation systems in a close future. These
types of systems will provide guidance to navigators and
operators in planning optimal collision avoidance route
(Statheros et al., 2008). Ships manoeuvres that might
lead to substantial risk encounter situation. These matters
may be overcome by providing ship handling procedures
training. Marine officer’s experience relevant with ship
handling can play a vital role in safe navigation. On the
other hand, they have also some limitations because of
economical and human constrains. Besides, well-
experienced marine officers might make wrong
navigation judgments that can cause collision with
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human casualties and environmental disasters. For
instance, an experienced marine officer can be affected
by unexpected inadequacy of ship movement and
communication failures under various environmental
conditions (Perera et al., 2015). Limiting subjective
decision by human in sea navigation and changing them
with an intelligent decision-making system can reduce
collision at sea (Perera et al., 2011).

Technological developments have led to increase ship
traffic that causes navigation to become more difficult
for marine officers. Performing navigation at sea is a
complicated operation because continually analysing a
large amount of data is required and assessing
navigational situations improperly can cause to
collision situations. In this respect, it is necessary to
support marine officers in collision avoidance
decision-making process (Lazarowska, 2012). If
decision support systems are utilized the decision-
making process in an encounter situation, human
originated errors, resulting from subjective judgment,
can be decreased and sea navigational safety can be
improved (Tsou and Hsueh, 2010).

Collision avoidance process is a multi-criteria and non-
linear programming problem and there has also to be
equilibrium between navigational safety and economy
simultaneously (Smierzchalski and Michalewicz, 2000).
In other words, the collision avoidance process should
not only keep on the danger assessment and action to
avoid collision but also take into consideration
optimizing the amount of yaw from the original
trajectory (Su et al, 2012). In recent years, the
optimization methods to solve ship encounter situation
and ship collision avoidance planning problem proposed
by researchers have increased and the field has become a
popular subject. In this respect, the study aims to look
over the methods in the literature proposed to solve ship
collision avoidance path planning problem.
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Review articles recently introduced by Tam et al. (2009)
and Statheros et al. (2008) discussed published papers on
autonomous ship navigation and encounter situation
methods for ship particularly in close range encounters.
The main difference of our study from these studies is
the idea that our study reviews and discusses the related
articles in four subtitles according to their approach types
and gives bibliometric information without any time
interval constraint.

2. THE PRINCIPLE AND PROCEDURE OF
SHIP COLLISION AVOIDANCE

One of the most important safety issue for a vessel at sea
is the risk of collision with other ships or objects that
endangers sea navigation. The ship crew has the highest
priorities to be sure of such a risk to be minimized. The
officer on watch is responsible for this task by observing
the environment around the vessel and advising the other
crew on board (Ward and Leighton, 2010).

The data such as course, speed, ship position, Time to
Closest Point of Approach (TCPA), Distance to Closest
Point of Approach (DCPA), weather information
provided from navigation equipment located on the
bridge is crucial for the ship domain calculation and
determination of a collision avoidance model. The
encounter situation at sea is regulated by the
International Regulations for Preventing Collisions at
Sea (COLREQG) for deciding the state of encounter for
the give-way vessel and stand-on vessel. If the vessel is
the give-way vessel that should act to avoid collision,
recommendation of collision avoidance route by a
decision support system is crucial for navigators and
operators. This might be changeable due to different task
phases, the trajectory solution to avoid collision can be
divided into four phases (Tsou and Hsueh, 2010);

a. Cruising Phase: In this phase, the system is in alert
and search condition continually. The alert range is
set throughout collision avoidance considering the
current navigation environment and ship safety
domain size.

b. Initial Warning Phase: The phase consists of two
steps as collision avoidance alert encountered by a
single target ship and multiple target ships. For
former one, if a target ship gets into the observation
range, the encounter state and collision risk is
determined. If there is a collision risk with target
ship (CPA less than the safety domain) and the give-
way vessel is an own vessel, route planning to avoid
collision will be proceeded. On the other hand, when
there are lots of targets in the vicinity, the encounter
state and collision risk are determined for each ship.
Then, the CPA for each target ship is calculated. If
CPA is less than the safety domain, it is assumed to
be a risk of collision. The target ship with the
smallest TCPA has the highest risk of collision. This
target ship is the first ship to be avoided (Davis et
al., 1982 as cited in Tsou and Hsueh, 2010).
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c. Collision Avoidance Navigation Phase: The small
alterations of route for collision avoidance trajectory
should be avoided, so the target ship is able to
perceive the intention of the own ship (COLREG
rule 8b). On the other hand, it should not be so large
to prevent yawing too much from the original route.

d.  Return to Original Route Phase: While deciding to
return to the original route after collision avoidance
is achieved, it needs to be made sure that the return
course will not result any other collision risk.

3. METHODOLOGY

The purpose of making a literature review is often to
evaluate and to map the existing literature to identify and
to highlight the limit and boundaries of related literature
(Tranfield et al., 2003). Literature reviews are applied
into steps and categories in order to conduct systematic
and transparent evaluation as an effective tool. For
example, Seuring and Gold (2012) conducted their study
in four steps such as material collection, descriptive
analysis, category selection and material evaluation. In
another study, Davarzani et al. (2016), inspired by
Seuring and Gold (2012) and Rowley and Slack (2004),
formed their study with the steps of identifying
appropriate search terms, evaluating search results and
generating bibliometric statistics, network and literature
map (Fiskin and Bitiktas, 2016).

This study basically comprises four steps. In the first
step, appropriate search terms were determined, and
initial results were evaluated regarding to the subject. In
the second step, the proposed approaches were divided
into categories according to their types. In the third stage,
bibliometric statistics and literature map were presented.
Finally, in the last stage, the findings were evaluated and
conclusion and discussion about the findings were
conducted. This study, covering a period of 41 years
from 1976 to 2017, utilized some search engines such as
Scopus, Google Scholar, Dokuz Eyliil University Library
Search Engine, Science Direct, WoS to reach existing
studies in related literature. The searching terms were
defined as following: (“ship” OR “maritime” OR
“marine” OR “USV” OR *“vessel”) AND (“route” OR
“trajectory” OR “path” OR “encounter” OR “safe” OR
“intelligent”) AND (“collision” OR “avoidance” OR
“guidance” OR '"decision support” OR '"decision
making” OR “autonomous” OR “automatic”) AND
(“planning” OR “optimal” OR “optimization” OR
“optimisation”). Besides, the reference lists of the
accessed studies were examined, and the related studies
were also obtained. As a result, a total of 180 published
papers about the topic were reached. Master and PhD
dissertations, notes, unpublished papers, news, reviews
and analysis were excluded from the scope of the study.
For this purpose, the following steps were followed to
design an effective search process:

e identification and structure of searching terms,

e control of accessed papers regarding the scope of the

study,
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e selection of appropriate papers.

The selection criteria and evaluation framework applied
in the study are given in Figure 1 in detail.

Contribution of each author, institution and country was
analysed quantitatively and ranked using the model
created by Howard et al. (1987). Single authored papers
allocated to the author a single unit of point. In multi-
authored papers, point was allocated to the authors
proportionally according to equation (1):

(15)

Score=———"— (1
> st

where n is the total number of authors and i is the
specific author’s ordinal position. Therefore, for
example, in a co-authored paper 0.60 point was given to
the first author; the second author in a three-authored
paper was given to 0.32 points and so on. By this model,
the accumulated productivity score for each author,
institution and country was calculated to reveal the
contribution map of the related literature. The model was
also recently implemented and used by researchers (such
as Tsai and Wen, 2005; Fiskin and Nas, 2013; Yi and
Chan, 2014; Greenbaum et al., 2016) in the literature.

4. THE TECHNIQUES, MODELS AND
METHODS PROPOSED TO SOLVE SHIP
COLLISION AVOIDANCE PATH
PLANNING PROBLEM

The accident occurring in marine industry can lead to
casualty, enormous entity loss and sea pollution. The
related field researches have concentrated on anti-
collision systems for maritime navigation especially in
the last decade. Such problem has become a popular
topic within the field and many methods and models
have been proposed by researchers. The problem is the
development of the systems that will take efficient
action to avoid collision in compliance with the
COLREGs. Additionally, development of the systems
mimicking the behaviour of experienced navigators that
can avoid collision automatically has come in the focus
of the recent research. In case of encounter situation at
sea, Automatic Radar Plotting Aid (ARPA) located on
ships provides assistance to navigator. The aid reports
that there is a potential collision risk between the ships
(Chen et al., 2010), it cannot, however, propose any
optimal manoeuvre to avoid collision. But, it has trail
manoeuvre feature to simulate the effect on all tracked
targets. The feature has been adopted by IMO in
Resolution A.823(19) Performance Standards for
Automatic Radar Plotting Aids (SOLAS Reg V/12).
According to the resolution, the ARPA should be able
to simulate the trajectories of all tracked targets and
own ship (IMO, 1995).
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Database
(1444)

Constraints

1. Searching terms: (“ship” OR
“maritime” OR “marine” OR “USV” OR
“vessel”) AND (“route” OR “trajectory”
OR “path” OR “encounter” OR “safe”
OR “intelligent”) AND (“collision” OR
“avoidance”  OR  “guidance”  OR
"decision support” OR "decision making"
OR “autonomous” OR “automatic”) AND
(“planning” OR “optimal” OR
“optimization” OR “optimisation”)

2. Period: Published between 1976-2017
(for 41 years)

Within the Time
Constraint

No (8) (Out of the time constraint)

Article, Con. Paper,
Book Chapter

No (319) (Master and PhD dissertations, lecture notes,
unpublished papers, news, review, analysis, etc.)

Related with
Marine Industry

No (514) (Chemical, chemistry, health, astronony,
aviation, road, railway etc.)

Related with
the Field

No (423) (voyage planning, cargo distribution, speed
optimization, elc.)

Figure 1. Selection criteria and evaluation framework.

In related literature, there have been many methods,
techniques and models proposed to solve ship encounter
situation. These approaches can be divided into four
main subtitles as deterministic approaches, artificial
intelligence approaches, hybrid systems, and simulation
approaches.

Deterministic approaches refer to certain mathematical
definition of navigation environment. This type of
approaches (Tam and Bucknall, 2013; Szlapczynski,
2008; Szlapczynski, 2007; Yavin et al., 1997) utilizes a
precise description to solve ship encounter situation
problem. These algorithms are important in terms of
providing exact and same solutions compared to heuristic
algorithms, but the calculation of a solution may take a
long time.

Artificial intelligence approaches comprise primarily
fuzzy logic (Zadeh, 1965) (Grinyak and Devyatisil’nyi,
2016; Su et al., 2012; Perera et al., 2011; Lee et al., 2015;
Perera et al., 2009), stochastic and heuristic approaches
(Hao et al., 2007; Tsou et al., 2010; Cheng et al., 2007;
Lazarowska, 2015b; Lazarowska, 2014a), and neural
networks (Simsir et al., 2014; Lisowski, 2000). These
types of algorithms can make complicated problem easier
by means of their high computational efficiency and
learning capacities. The computational time is shorter
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than deterministic approaches, but it usually provides a
sub-optimal solution rather than an exact solution.

Hybrid systems to solve related problem (Perera et al.,
2015; Zhuo and Hearn, 2008; Ying et al., 2007;
Mohamed-Seghir, 2012a) propose a combination of the
methods mentioned above. Neuro-Fuzzy, Fuzzy-
Bayesian and Bayesian-Genetic algorithms are mostly
implemented methods to solve the problem.

Simulation based approaches can provide a useful
platform for optimal collision avoidance decision making

Table 1. Distribution of articles according to the approach type.

(Liu et al., 2007b). The approaches which are significant
in modelling and simulating system are generally based
on multi-agent (Liu et al,, 2007b; Liu et al., 2006a;
Robert et al., 2003; Liu et al., 2008). Other type
simulation based approaches (Itoh et al., 2003; Johansen
et al., 2016a; Yang et al., 2006; Yang et al., 2007) apart
from multi-agent based are also implemented to simulate
ship collision avoidance decision-making problem.

Methods, models and techniques proposed to solve
related problem according to their approach types are
listed in Table 1.

Approach | Solution Method | Main Topic References
Type
Artificial Fuzzy Logic A fuzzy based decision-making | Grinyak and Devyatisil’nyi, 2016; Su et al., 2012;
Intelligence system Perera et al., 2011; Lee et al., 2015; Perera et al., 2009;
Kao et al., 2007a; Pietrzykowski and Chomski, 2003;
Hwang, 2002; Hwang et al., 2001; Perera et al., 2010b;
Hasegawa and Kouzuki, 1987; Kijima and Furukawa,
2002; Hara and Hammer, 1993; Rhee and Lee, 1996;
You et al., 2013; Brcko et al., 2013; Pietrzykowski et
al., 2010; Kao et al., 2007b; Mohamed-Seghir, 2017;
Mohamed-Seghir, 2016
Ontology-based fuzzy support Park et al., 2007
system
Structure design for navigation | Liu and Yang, 2004
collision avoidance
Intelligent control system for Shtay and Gharib, 2009; Feng and Li, 2012
collision avoidance
Fuzzy logic based autonomous Lee, S. M. et al., 2004; Lee and Kim, 2004; Wen et al.,
collision avoidance 2016; Mao et al., 2015
Bacterial Foraging To plan the dynamic collision Hongdan et al., 2015a
Algorithm avoidance process of ships
Tool for optimal collision Nguyen et al., 2012
avoidance strategy
Optimization of ship collision Ma and Yang, 2013
avoidance
Trajectory Base Trajectory base method for Lazarowska, 2016
Algorithm collision avoidance
Linear Extension A distributed anti-collision Zhang et al., 2015
Algorithm decision supporting formulation
in multi-ship encounter situations
Cat Swarm Heuristic algorithm based Wei et al., 2015
Biological Algorithm | collision avoidance action
Genetic Algorithm Multi-objective route Hao et al., 2007; Xu et al., 2014; Vettor and Guedes
optimization for onboard Soares, 2014
decision support system
Heuristic algorithm based safe Tsou et al., 2010; Cheng et al., 2007; Zeng, 2003; Zeng
ship trajectory planning and Ito, 2001; Zeng et al., 2000a; Zeng et al., 2000b; Ito
et al., 1999; Cheng and Liu, 2006; Fan et al., 2016;
Zeng et al., 2001; Hornauer and Hahn, 2013
Evolutionary Modelling of ship trajectory in Smierzchalski and Michalewicz, 2000; Kolendo and
Algorithm collision situations Smierzchalski, 2015; Szlapczynski, 2011;
Smierzchalski, 1999; Smierzchalski and Michalewicz,
1998; Smierzchalski, 2003; Kaminski and
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Smierzchalski, 2001; Kuczkowski and Smierzchalski,
2014; Tsou, 2016; Kuczkowski and Smierzchalski,
2017; Szlapczynski and Szlapczynska, 2012; Tam and
Bucknall, 2010; Szlapczynski, 2009

Ant Colony Heuristic algorithm based safe Lazarowska, 2015b; Lazarowska, 2014a; Lazarowska,

Algorithm ship trajectory planning 2015a; Lazarowska, 2012; Lazarowska, 2015c;
Lazarowska, 2015d; Tsou and Hsueh, 2010; He and Qi,
2007; Lazarowska, 2013; Lazarowska, 2014b; Escario
etal., 2012

Wolf Colony Search | Heuristic algorithm based ship Hongdan et al., 2015b

Algorithm collision avoidance

Danger Immune

Intelligent optimization

Xu, 2014; Yiming et al., 2012

Algorithm algorithm based collision

avoidance strategy
Artificial Neural Decision support guidance for Simsir et al., 2014; Lisowski, 2000
Network strait passing vessels

Game Control

Game control method in ship
collision avoidance

Lisowski, 2012; Olsder and Walter, 1978; Lisowski,
2008; Miloh and Pachter, 1989; Lisowski, 2005;
Lisowski, 2001; Lisowski, 2013a; Lisowski, 2013b

Searching optimal collision
avoidance route

Chang et al., 2003

Modified Gaussian
Mixture Model

Intelligent ship bridge collision
avoidance

Zhang and Zheng, 2011

Intelligent decision-making for
vessel collision avoidance

Chen et al., 2010

Ship trajectory control
optimization in anti-collision
manoeuvring

Zhang et al., 2013

Automatic trajectory planning
and collision avoidance

Xue et al., 2008

Expert System

Method for personifying
intelligent decision making for
collision avoidance

Li et al., 2008

Expert systems approach to
collision avoidance

Li et al., 2003; Koyama and Yan, 1987

Artificial Fish
Swarm Algorithm

Decision support for collision
avoidance

Ma et al., 2014a; Li and Ma, 2016

Simulated Annealing
Algorithm

Turning angle to avoid collision

Liu et al., 2007a

Artificial Potential
Field

Ship auto collision avoidance
system

Zhong et al., 2008; Xue et al, 2012; Zhang and Shi;
2007; Wei and Xue, 2013 ; Wang, T. et al., 2017

Tabu Search Heuristic algorithm based ship Kim et al., 2015; Kim et al., 2017
Algorithm collision avoidance
A* Algorithm Trajectory planning for collision | Hornauer et al., 2015; Blaich et al., 2012a; Campbell

avoidance

and Naeem, 2012; Ma et al., 2014b; Naeem et al., 2012;
Blaich et al., 2015; Zhang, 2013; Yang et al., 2012

Lee’s Algorithm

Extended grid based collision
avoidance

Blaich et al., 2012b

Differential
Evolution

Generating optimal ship collision
route

Zhao et al., 2014

Particle Swarm

Decision support for encounter

Wang, K. et al., 2017; Chen and Huang, 2012

Optimization situation
Hybrid Artificial Neural Collision avoidance of ship Perera et al., 2015; Zhuo and Hearn, 2008; Zhuo and
Systems Network, Fuzzy manoeuvres by intelligent Tang, 2008

Logic

guidance

Expert system for path collision
avoidance

Ahn et al., 2012

The design of a fuzzy-neural
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Liu et al., 2006b; Liu and Shi, 2005; Hiraga et al., 1995
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network for ship collision
avoidance

Autonomous ship collision free
trajectory navigation

Hong et al., 1999; Harris et al., 1999

Fuzzy-Bayesian

Collision avoidance decision
action model

Perera et al., 2012; Perera et al., 2010a

Particle Swarm
Optimization, Fuzzy
Logic

Intelligent collision avoidance
control approach for large ships

Zhuo and Hasegawa, 2014

Bayesian Genetic
Algorithm

Ship route designing for collision
avoidance

Ying et al., 2007

A* Search
Algorithm, Fuzzy
Logic

Expert system and search
algorithm based collision
avoidance system

Lee and Rhee, 2001

Game Theory,
Artificial Neural
Network

Safe control in collision situation
at sea

Lisowski, 2016; Lisowski, 2014; Lisowski, 2010;
Lisowski, 2007;

Particle Swarm

Dynamic collision avoidance

Hongdan et al., 2014; Liu et al., 2016

Optimization, optimization

Bacterial Foraging

Algorithm

Genetic Algorithm, | Optimal safe ship trajectory ina | Mohamed-Seghir, 2012a
Fuzzy Logic collision situation

Genetic Annealing
Algorithm

Ship dynamic collision
avoidance space model

Cheng and Liu, 2007

Immune Particle
Swarm Algorithm

Collision avoidance of ship
manoeuvres by intelligent
guidance

Tian and Pan, 2011

Branch and Bound
Method, Fuzzy
Logic, Genetic
Algorithm

Safe ship trajectory in fuzzy
environment

Mohamed-Seghir, 1995; Mohamed-Seghir, 2014;
Mohamed-Seghir, 2012b

Analytic Hierarchy
Process, Artificial
Neural Network

Collision avoidance in complex
water area

Wang, et al., 2016

Deterministic
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Deterministic
Solution Model

Cooperative path planning
algorithm

Tam and Bucknall, 2013

Planning collision avoidance
manoeuvres for multi target
encounter situation

Szlapczynski, 2008; Lazarowska, 2017

Finding course alteration
manoeuvre in a multi-target
encounter situation

Szlapczynski, 2007; Johansen et al., 2016b

Computation of feasible
command strategies

Yavin et al., 1997

Optimal control of a ship for
collision avoidance manoeuvres

Miele et al., 1999; Miele and Wang, 2005; Miele and
Wang, 2004; Kayano and Imazu, 2009; Wit and Oppe;
1979; Miele and Wang, 2006

Methods to assign the safe
trajectory avoiding collision

Lisowski and Smierzchalski, 1995

Optimal turn manoeuvres for
collision avoidance

Merz and Karmarkar, 1976

Collision avoidance mechanism
of ships at sea

Bi and Liu, 2015

Modelling collision avoidance
decisions support

Wang et al., 2010; Kwik, 1989; Curtis, 1986

A negotiation framework for
automatic collision avoidance

Qinyou et al., 2006
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The timing of collision James, 1994
avoidance manoeuvres
Collision avoidance algorithm Oh et al, 2014
for USV
Ship domain based collision Chen et al., 2017
avoidance
Dynamic support system in Wang, X. et al., 2017
close-quarters situation
Simulation Multi-Agent Information fusion methods Liu et al., 2008

Information Fusion | based ship collision avoidance

Model model

Multiagent-Based Multiagent-based simulation Liu et al., 2007b

Simulation System system for the decision-making
Direct perception interface for Liu et al., 2006a
ship-ship collision avoidance
Cognitive demands of collision | Robert et al., 2003
avoidance in simulated ship
control

Visualization-Based | Visualization-based collision Itoh et al., 2003

Simulation System avoidance support system

Simulation-Based Collision avoidance using Johansen et al., 2016a

Model simulation based control
behaviour selection
Analysing and assessment of Kumagai et al., 2012; Pedersen et al., 2003
manoeuvring for avoiding
collision
Finding safe passage for ships in | Xue et al., 2011
collision situations
The AIS assisted collision Hsu et al., 2009
avoidance
CPA simulation model for Zhao et al., 1994; Svetak and Jakomin, 2005
automatic collision avoidance
Construction of simulation Yang et al., 2006; Yang et al., 2007
platform
Knowledge acquisition for Hammer and Hara, 1990
collision avoidance

5. BIBLIOMETRIC STATISTICS affiliations of the authors were selected from data file

5.1 AUTHORS AND AFFILIATIONS
STATISTICS

Countries, authors, and institutions were selected from
the data file, appearance frequency of them was recorded
and productivity score was calculated using the method
described in detail in methodology section. It was found
that a total of 293 different authors from 92 different
institutions and 24 different countries contributed to the
related field. Table 2 shows the top ten most prolific
authors, institutions and countries based on the
productivity score. Lisowski, J. from Poland is the most
prolific author with the score of 11.60 within a total of
293 different authors. Lazarowska, A. form Poland and
Mohamed-Seghir, M. from Poland follow Lisowski, J.
with the score of 10.00 and 6.00, respectively. The

©2018: The Royal Institution of Naval Architects

and statistical analysis was conducted. The city, where
the institution is located, was obtained and the
geographical location of the institutions contributing to
related field was shown using the coordinates of these
cities in gpsvisualizer.com as shown in Figure 2. The size
of the circles represents the contribution level of each
institution. It was revealed that the major density of
contributing institutions was in North-western Europe
and Eastern Asia. The statistics of the contributing
countries, as seen in Table 2, shows that the China
dominates the related research field by holding the
highest productivity score which is 52.91. In terms of
institutions, however, Gdynia Maritime University
located in Poland is the most prolific institution with the
score of 32.60.
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Figure 2. The geographical dispersion of contributing institutions.

Table 2. Top contributing countries, institutions and authors.

Country Contributing Institution Contributing Score Author Contributing Score

Score

Country Score Institution Country Score Author Country f Score

China 5291 Gdynia Maritime Poland 32.60 Lisowski, J. Poland 12 11.60
University

Poland 43.00 Wuhan University China 9.86 Lazarowska, A. Poland 10 10.00
of Technology

Japan 16.61 Dalian Maritime China 8.90 Mohamed-Seghir, M. Poland 6 6.00
University

Taiwan 10.21 Shanghai China 8.63 Smierzchalski, R. Poland 9 5.20
Maritime
University

UK 11.54 Gdansk Poland 7.60 Szlapczynski, R. Poland 5 4.60
University of
Technology

South Korea 7.00 Technical Portugal 7.49 Liu, Y. H. China 6 3.08
University of
Lisbon

Portugal 7.49 Harbin China 7.07 Zeng, X. M. Japan 5 3.01
Engineering
University

Germany 6.05 Tokyo University Japan 6.00 Perera, L. P. Portugal 6 2.73
of Mercantile
Marine

USA 421 National Taiwan Taiwan 5.19 Miele, A. USA 4 2.22
Ocean University

Netherlands ~ 2.73 Jimei University China 4.00 Tsou, M. C. Taiwan 3 2.07
Rice University USA 4.00

5.2 OTHER FUNDAMENTAL STATISTICS

An in-depth analysis was conducted to reveal the most
frequent words used in the list of keywords, to determine
the solution methods which were implemented to solve
the related problem, the type of publication, and the
approach type which was basically adopted in the
articles. The results of the analysis are shown in Table 3
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and Table 4 in detail. As seen in these tables, Collision
Avoidance was the most frequently used keyword in the
articles from a pool of 237 different keywords.
Additionally, Path Planning, Ship Collision Avoidance
and COLREGs were also commonly used by the authors
as keywords in their studies. On the other hand, it was
revealed that Fuzzy Logic was the most frequently
applied solution method, the studies were mostly
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published in article type, The Journal of Navigation was
the dominant publication media from a pool of 129
different journals and conference proceedings, and the
Artificial Intelligence was basically adopted by authors in

the studies as an approach type.

The dispersion of publications in each year was shown in
Figure 3. Most of the publications were published in the
last fifteen years in the 1976 — 2017 periods. Especially,
the significant growth was more notable after 1999.
Approximately, 80% of the studies were published after
that year, but the diagram has showed a rolling graph

over the years.

of Articles

Number

Figure 3. Dispersion of published articles by years.

Table 3. The statistical distribution of solution methods, keywords, publication types.

Solution Method  |f % Keyword f % Publication Type f %
Fuzzy Logic 45 18.7 |Collision Avoidance |58 10.0  |Article 94 52.2
Deterministic 21 8.7 Path Planning 18 3.1 Conference Paper 78 433
Solution Model
Genetic Algorithm |19 7.9 Ship Collision 16 2.8 Book Chapter 8 4.5
Avoidance
Artificial Neural 16 6.6 COLREGs 12 2.1 Total 180 100
Network
Evolutionary 14 5.8 Genetic Algorithm |10 1.7
Algorithm
Game Theory 12 5.0 Ant Colony 9 1.6
Optimization
Ant Colony 11 4.6 Decision Support (9 1.6
Optimization System
Simulation-Based |10 4.1 Safe Ship Control |8 1.4
Model
Game Control 9 3.7 Evolutionary 8 1.4
Algorithm
A* Algorithm 9 3.7 Fuzzy Logic 7 1.2
Particle Swarm 6 2.5 Ship Navigation 7 1.2
Algorithm
Bacterial Foraging |5 2.1 Simulation 6 1.0
Algorithm
Expert System 3 1.2 Others 409 715
Others 61 253 |[Total 580 |100
Total 241 [100
Table 4. The statistical distribution of journals/conferences and approach types.
Journal / Conference f % Approach Type f %
The Journal of Navigation (IF: 1,586) 12 6.7 Artificial Intelligence  [116 64.4
Ocean Engineering (IF: 1,894) 6 3.3 Hybrid System 26 14.4
TransNav Journal (IF: N/A) 5 2.8 Deterministic 23 12.8
Journal of Optimization Theory and 5 2.8 Simulation 15 8.3
Applications (IF: 1,160)
Journal of Marine Science and Technology 5 2.8 Total 180 100
(IF: 0,838)
Maritime Research (IF: 0,776) 5 2.8
International Conference on Machine 3 1.7
Learning and Cybernetics
International Conference on Knowledge Based |3 1.7
and Intelligent Information and Engineering
Systems Polish
Navigation of China (IF: N/A) 3 1.7
Journal of Oceanic Engineering (IF: 2,297) 2 1.1
Others 131 72.8
Total 180 100
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6. DISCUSSION

The deterministic approaches have the advantage of
providing accurate and optimal results, but, generally,
the longer-term solution process, comparing to
heuristic algorithms, weakens real-time applicability,
which is crucial for collision avoidance problem. The
recent study introduced by Lazarowska (2017),
however, showed that the deterministic based
algorithm could also return more optimal solution in a
shorter time than heuristic based method such as Ant
Colony Optimization (ACO). When comparing the
model with another deterministic model developed by
Tam and Bucknall (2013) in terms of computational
time, the former one returned the optimal solution in
1.77 second and the latter one returned 7.0 second,
respectively, using the same processor PC for the
similar scenarios (5 encounter ships cases). On the
other hand, ACO and Genetic Algorithm (GA) based
heuristic model proposed by Tsou et al. (2010)
revealed through the experiments that ACO provided
better results than GA. Hongdan et al. (2015a),
Hongdan et al. (2015b) and Hongdan et al. (2014)
proposed heuristic models based on Quantum
Bacterial Foraging Algorithm (QBFA), Adaptive Wolf
Colony Search Algorithm (AWSA) and Particle
Swarm Optimization (PSO) based BFA to compare to
each of them with BFA. The experimental results
showed that the all of them outperformed than BFA in
respect to both execution time and execution
efficiency. The fuzzy logic method also implemented
by researchers, especially to create a hybrid solution
method by combining with other algorithms. Artificial
Neural Network (ANN), GA, PSO, A* Algorithm
were algorithms typically used for this purpose. Ahn
et al. (2012), for example, proposed the neuro-fuzzy
algorithm applied for developing the simply designed
fuzzy system to deduce the -enviable results,
contentedly. The study revealed that the redesigned
system was more practical and realistic than ordinary
fuzzy inference system. This type of algorithms
increased the performance of the execution efficiency.

In conclusion, the artificial intelligence approach has the
advantage of real-time applicability due to short-term
solution process but provides near optimal results rather
than accurate and exact results. An integration of
approaches such as fuzzy logic, neural network, GA, etc.,
which is called hybrid systems approaches, can constitute
a ship collision avoidance intelligent system and had an
advantage regarding execution efficiency. This type of
approach will provide substantial contribution for the
collision avoidance problem. The integration of the
algortihm to create hybrid model, however, should be
done well to get reliable and useful results. Deterministic
approaches can provide exact and accurate solution, but
execution process may take a long time. Simulation
based algorithms can mimic the system to provide
information about its behaviour, but detailed simulation
structure may be toilsome regarding resources and time.
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7. CONCLUSION

Research on ship collision avoidance route planning
problem has begun to appear since the 1970s with the
introduction of COLREGs. The problem has become a
crucial research field with the increasing quantity of
published articles, especially since 1999. In this respect,
the study contributes to revealing the developments in
the field via investigating solution methods and approach
types used in the studies as well as providing authors,
affiliations, publication types and keywords statistics.

Ship collision avoidance route planning problem stands
as a complicated topic and the related literature shows
that many methods and models have been proposed to
solve this problem. Especially fuzzy logic, heuristic and
artificial intelligence optimization methods are used to
form a model for the related problem. Deterministic
approaches and hybrid systems are also used but not as
much as previously mentioned ones. It is revealed that
most of the models have considered the COLREGs,
while forming the algorithm structure but some others
have ignored it. On the other hand, most of the models
have used the terminology to define the ship that is
operated by avoider and the ship to be avoided as own
ship (OS) and target ship (TS), respectively. The
geographical dispersion of the institutions shows that the
ship collision avoidance and path planning optimization
problem have attracted the research institutions from
various parts of the world with several contributions
especially from academicians and researchers in North-
western Europe and Eastern Asia.

In this paper, various techniques, models and methods
proposed to solve ship collision avoidance are briefly
explained. In conclusion, intelligent collision avoidance
systems will undoubtedly be beneficial for safe
navigation as well as efficiency of fuel consumption by
optimizing the route of ships and they will have a vital
role in unmanned and autonomous ships.
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