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ABSTRACT

Title of Dissertation:

Degree:

Ship’s Autopilot Design for Automatic Collision Avoidance Based
on Adaptive Neural Networks

Master of Science

Navigation technology has gone through a process from low to high, from simple to
complex, from mechanization to digitalization and intelligence. Ship transportation is
developing in the direction of safety, economy, energy saving and sustainability, and
is evolving towards rapid, large-scale, specialized, highly automated and intelligent.
Ship collision avoidance has also been a hot and challenging issue in ship automation
research.
In this dissertation, by studying and optimizing the mathematical models involved in
the process of ship collision avoidance, an enhanced intelligent ship autopilot is
designed for the ship’s collision avoidance decision-making process. The algorithm
can judge the encounter situation, calculate the collision risks, and determine the action
time and action amplitude automatically. Additionally, COLREGs, navigation
behaviour and automated collision prevention methods have been considered during
the process of ships automatic collision avoidance. Based on the Dynamic Surface
Control technology and neural networks methods, the proposed algorithm can solve
both the problems of “parameter items expansion” and “dimension curse” caused by
the Backstepping method in the ship motion control system.
Matlab simulation experiments on the two ocean-going vessels “YUKUN” and
“YULONG” are presented to validate the effectiveness of the proposed automatic
collision avoidance decision-making system.
KEYWORDS: Automatic collision avoidance, Neural networks, Ship autopilot,
Dynamic surface control technology
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CHAPTER 1 INTRODUCTION
1.1 Research background
With the fast development of international trade, the volume of world shipping
has expanded. As the most cost-effective and efficient means of transport globally, sea
transportation undertakes more than 80 percent of international trade (Picciotto, 2017).
The world relies on an efficient, secure, safe and sustainable international shipping
industry. However, the number of ships increases and collision accidents occur from
time to time, posing a significant threat to the safety of lives at sea as well as the marine
environment (IMO, 2018a). Especially for oil tankers, chemical tankers, liquefied
natural gas (LNG) carriers, liquefied petroleum gas (LPG) carriers and nuclear power
vessels, the losses and risks will be greater in the event of a safety incident (Uğurlu,
Köse, Yıldırım & Yüksekyıldız, 2015).
The Panamanian oil tanker "Sangqi" and the Chinese Hong Kong-based bulk
carrier "Changfeng Crystal", carrying 64,000 tons of grain, collided about 160 n miles
east of the Yangtze River estuary on January 6, 2018. The oil tanker "Sangqi", carrying
1 million barrels (about 136,000 tons) of condensate, caught fire and all 32 crew
members died (CMSA, 2018). After one week of burning, "Sangji" exploded and sank
on January 14. The impact of the ship collision is self-evident and has occurred several
times in history. After every accident, the pollution "aftercare" work is the most
difficult problem for governments. The oil tanker “Sangji” has sunk, but for the marine
ecology of the entire region, it is the time when the real test begins.
The International Maritime Organization (IMO) has been working to improve the
navigation safety of ships at sea. It is the standard-setting authority focused on
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promoting an efficient, secure, safe, environmentally friendly and sustainable shipping
industry through global cooperation (IMO, 2018b). To achieve its objectives, a great
number of measures and conventions have been adopted by IMO, such as Vessel Traﬃc
Services (VTS) or Traﬃc Separation Schemes (TSS), ship design, construction,
equipment, manning, operation and disposal (IMO, 2018b). The thirtieth session of the
Assembly (A30) adopted the Strategic Directions (SDs) for the 2018-2023 period,
Collision Avoidance Technology (CAT) is within SD2, namely integrate new and
advancing technologies in the regulatory framework (IMO, 2016). Moreover,
according to IMO Proposal MSC 99/20/1 (IMO, 2017), the Navigation Decision
Support System for Collision Avoidance (NDSS CA) can support the officer of the
watch (OOW) in analyzing the encounter situation through the use of Automatic
Identification System (AIS) data. The NDSS CA will be a vital part of the integrated
bridge in the future (Baldauf, Benedict, Fischer, Motz & Schröder, 2011).
Despite the considerable effort IMO has made, ship collision accidents still occur
from time to time. EMSA’s (2017) annual overview of marine casualties and incidents
for 2016 is summarized as follows:
 3145 casualties and incidents;
 3505 ships involved;
 26 ships lost;
 106 fatalities;
 79 very serious casualties;
 957 persons injured.
The key statistics for the period 2011 - 2016 are given in Figure 1
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Figure 1 Marine casualties and incidents for the period 2011 - 2016
Casualty events involving ships can be divided into ten categories: Missing, Hull
failure, Fire/Explosion, Loss of control, Grounding/stranding, Contact, Damage to
ship or equipment, Capsizing/Listing, Flooding/Foundering and Collision. According
to EMSA’s report, collision casualties represent 16% of all ship-related casualties, and
collision fatalities represent 38% of all ship-related fatalities. The key statistics for the
period 2011 - 2016 are given in Figure 2 and Figure 3.
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Figure 2 Distribution of casualties by collision from 2011-2016
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Figure 3 Distribution of fatalities by collision from 2011-2016
The core idea of safety is to prevent people’s unsafe behaviours, eliminate hidden
risk and interrupt the accident chain to avoid accidents (Schröder-Hinrichs, Baldauf &
Ghirxi, 2011). Sea voyages take place in a particular work and social environment.
Working conditions are hard; the workload is substantial, and the crews are always far
away from their families. These circumstances can easily induce depression and
anxiety. On the other side, the shipping company is always chasing the economic
benefits. The manning of the ship is always kept to the minimum standard, and
potential fatigue is overlooked (Bhattacharya & Lijun, 2012). IMO adopted the
International Safety Management (ISM) Code through resolution A.714(18) in 1993,
and it came into force as chapter IX of SOLAS in 1998. The core of ISM is to require
the company and its ships to establish, implement, and maintain a safety management
system (IMO, 2018c). However, according to IMO Resolution A.947(23), the human
factor is still the leading cause of accidents. Researchers in the United States and
Britain first proposed that more than 80% of maritime accidents are related to the
human element (Quinn & Scott, 1982).
For a long time, collision prevention mainly relied on the crew's steerage. During
the process of collision prevention, a navigator's concentration and right judgment are
essential, as is correctly understanding and flexibly using all clauses in the Convention
on the International Regulations for Preventing Collisions at Sea (COLREGs) (IMO,
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2018d). Incorrect understanding of the regulations may result in inappropriate actions,
near misses or even collision accidents. In particular cases, the personality and
psychological state of a mariner will decide whether the mariner can quickly evaluate
the situation and make the right decision (Xue, Clelland, Lee & Han, 2011). Moreover,
over-fatigue is also a leading cause that can contribute to collision risk (Chen, Yin &
Li, 2010). In the practice of navigation, the use of VHF is widespread, especially in
the case of multi-ship encounters. The application of VHF for ship negotiation and
collision avoidance is accepted by the majority of crews. However, due to language
barriers, sometimes the method will be counterproductive, delays the best opportunity
to avoid a collision and finally, result in a collision accident (UK MCA, 2016).
SOLAS, STCW and COLREGs, they are not the guarantee of safety, and they
cannot eliminate the influence of human factors. Through analyzing the process of
many collision accidents, we can realize that, due to human elements, there are only a
few potential problems at the initial stage. The situation then continues to deteriorate
until it becomes an imminent danger, eventually developing into an unavoidable and
unfortunate collision (Bhattacharya & Lijun, 2012). However, the disaster could have
been avoided by advanced technology. Artificial intelligence is one of the three most
significant scientific achievements of this century, together with atomic energy and
space technology (Russell & Norvig, 2016). Intelligent, networked, ship-shore
integration will be the direction of ship automation development in the 21st century
(Tian, Liu, Li, Malekian & Xie, 2017). The revolution of navigation technology has
promoted the development of ship automation and ship intelligence technology
(Benedict, Kirchhoff, Gluch, Fischer, Schaub, Baldauf & Klaes, 2014). Using artificial
intelligence, establishing a ship collision avoidance decision system, and realizing
automatic collision avoidance can alleviate the work pressure of crews, reduce
decision-making complexity and improve decision-making levels. Artificial
intelligence will significantly reduce the probability of collision accidents caused by
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human error, and achieve active prevention (Wang, Yan, Wang & Wu, 2017).
Moreover, with the development of navigation devices such as AIS and Electronic
Chart Display and Information System (ECDIS), it is possible for ships to avoid
collisions automatically. When dealing with complex encounter situations, if the
intelligent control system can automatically provide a scientific and safe collision
avoidance scheme, work pressure on the OOW can potentially be alleviated (Tsou,
2016). Moreover, the realization of automatic ship collision avoidance can further
improve the navigation safety and reduce collision risks caused by human factors.
Traditional autopilot can not adequately meet the current needs of digital navigation,
information navigation and intelligent navigation (LIU, FANG, GE & FU, 2007).
Therefore, a ship’s autopilot that can achieve automatic collision avoidance is a
valuable and practical concept to study and it is attracting considerable attention
(Simsir, Amasyalı, Bal, Çelebi & Ertugrul, 2014).

1.2 Past and ongoing research on ship collision avoidance
The current ship collision avoidance automation systems can be divided into two
types (Perera & Soares, 2015): one is the human-machine dialogue consulting type,
namely, NDSS CA; the other is the fully automatic type. The collision avoidance
decision given by NDSS CA is auxiliary, and it is designed for consulting only. It does
not relieve the OOW from their duties in compliance with good seamanship or
COLREGs. Strictly speaking, it does not belong to the automatic collision avoidance
decision system. While the fully automatic type can control the rudder system, and
reduce the burden of decision-making on the OOW (Pietrzykowski, Wołejsza &
Borkowski, 2017).
As early as in the 1950s and 1960s, western researchers had begun to conduct
quantitative research on some qualitative concepts in COLREGs and then started to
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engage in research on ship automatic collision avoidance (SACA) (Sreb, 1962;
Clayton & Kurz, 1963). The concepts of Time to the Closest Point of Approach
(TCPA), the Distance to the Closest Point of Approach (DCPA), the Safe Distance of
Approach (SDA), Ship Domain, Ship Arena and others have been put forward,
attempting to use mathematical tools to build a mathematical model of SACA, thus
establishing an automatic collision avoidance system(ACAS) by means of computers.
This approach made considerable progress on many specific issues (Massara, 1970).
However, simulating complex collision avoidance decision-making processes with
traditional math tools is difficult.
With the development and application of artificial intelligence technology, people
are continually trying to use the new knowledge and methods to solve the collision
avoidance problem (Campbell, Naeem & Irwin, 2012). In the 1980s, Tokyo Merchant
Marine University and Liverpool University of Technology took the lead in applying
expert systems to solve the problem of SACA. Subsequently, Germany and the United
States also launched their own collision avoidance expert systems. These collision
avoidance expert decision-making systems not only make collision avoidance
decisions but can also automatically control the ship's rudder to take actions, which
can realize automatic collision avoidance under simple encounter situations (Jingsong,
Fengchen & Zhao-lin, 1992). After an overall review of the above-mentioned ACAS,
it is not difficult to find the following characteristics:
1) There is still a lack of multi-factor considerations in the research on risk of
collision(ROC), and it is difficult to reflect the actual situation during
navigation;
2) The classification of the situation is not very specific, and it is difficult to
reflect the reasonable changes of heading in different encounter situations;
3) The maneuvering process and the handling characteristics of the ship are not
fully considered;
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However, the implementation of these collision avoidance decision-making
systems has laid a theoretical foundation for subsequent research, and its impact and
significance are far-reaching.
In recent years, many researchers have studied SACA through different artificial
intelligence methods (Lee, Park & Lee, 2014; Pietrzykowski, Woo & Kim, 2016;
Wołejsza & Borkowski, 2017). Due to its complexity, it is difficult to solve the problem
of SACA by using only one kind of artificial intelligence technology. Therefore, a
group of intelligent collision avoidance decision systems based on compound artificial
intelligence have been developed rapidly in recent years (Jeong, Tae-Gwoen, Chen,
Chao, 2008; Lazarowska, 2012). Park et al. (2006) put forward the use of fuzzy casebased reasoning for ship collision avoidance. The system can continue to learn and
expand the case database to meet different encounter situations at sea. Nevertheless,
the most prominent drawback of this method is that the case library needs an extended
period to learn. Sosnin (2009) designed an expert system on ship’s collision avoidance
by using the question-and-answer method, the customary rules of which are derived
from COLREGs. The multi-agent system is used to monitor surrounding ships and
give the avoidance scheme by question and answer. Similar to the algorithm mentioned
above, the ant colony algorithm that was used to solve the problem of SACA has made
rapid progress, in which Tsou et al. (2010) are more prominent. Shtay et al. (2009)
proposed the COLREGs rules-based solution for avoiding static and dynamic
obstructions by use of fuzzy logic and virtual force field algorithm. Fuzzy rules are
used to solve the problem of system in compliance with COLREGs, while the virtual
force field is used to solve the problem of path search. The biggest challenge of ship
collision avoidance using virtual force field theory is that the designed route is different
from navigation practice, so it is necessary to make steady progress on the algorithm
before being it is put into effect in navigation practice.
Since ship collision avoidance involves the optimisation process of avoidance
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method which is different from the general mathematical solution, the ship has
multiple choices of automatic collision avoidance routes (Brcko & Svetak, 2013). For
these classes of complex optimal problem, the genetic algorithm can be regarded as a
better solution. Therefore, the study of ship collision avoidance based on the genetic
algorithm is also quite active (You, Rhee & Ahn, 2013). The research on ship’s
automatic collision avoidance alert systems also draws considerable attention.
According to IMO Resolution MSC.252(83), The ACAS should send a collision
warning when TCPA is less than 12 minutes, and DCPA is less than two nautical miles.
Goerlandt et al. (2015) presented a framework for a maritime risk-informed Collision
Alert System (CAS). The CAS will provide warnings to the ship’s crews in a real-time
operational environment. Baldauf et al. (2011) studied the air traffic-alert and collision
avoidance system, adopting CAS to the maritime domain to improve maritime
operational risk management. It is a perfect warning to avoid a collision. The proposed
solution conforms to the IMO Resolution MSC.83(23) “Adoption of the Revised
Performance Standards for Integrated Navigation Systems (INS)” (IMO, 2007).

1.3 Aims and objectives
With the development of maritime technology, navigational information systems
will be upgraded into navigational decision support systems, and finally upgraded into
automatic navigational systems (Tian, Liu, Li, Malekian & Xie, 2017). So the
automatic collision avoidance technology will be the core part.
From the literature review, it can be seen that the research work on ship collision
avoidance has been developing in a practical direction in the last decade (Fang, Tsai &
Fang, 2018). Many ship’s collision avoidance decision-making systems have been put
forward so far (Campbell, Abu-Tair & Naeem, 2014; Yong, Liwen & Xiaochun, 2016).
In the existing design and implementation of the ACAS, whether the designed system
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conforms to COLREGs is essential for measuring the availability of automated
avoidance collision for ships. On the other side, most of them are the algorithm based
on the rational decision model. There are no ship collision avoidance decision-making
systems based on intelligent autopilot.
Without prejudice to COLREGs, this dissertation aims to put forward an
enhanced

intelligent

decisions

system

for

ship

collision

prevention

by

comprehensively considering COLREGs, navigation behavior, automated collision
prevention methods and the characteristics of the ship’s movement.

1.4 Research questions
To this end, the issues to be addressed in the dissertation are:
(1) What is the process of ship collision avoidance (SCA)? How can TCPA and
DCPA be determined? How can the SDA between vessels be set up? How can the time
of taking actions to avoid collision be confirmed?
(2) How can the the turning angle C of the give-way vessel be decided? How
can the decision-making model of SCA be combined with the ship motion control
model? How can the parameter items expansion problem caused by repeated
derivations be solved? How can the stability of the SCA control system be verified?
(3)How can the effectiveness of the proposed automatic collision avoidance
decision-making algorithm be verified?

1.5 Research methods
Two primary methods have been carried out in order to achieve the research
objectives. They are literature search, and system modelling and simulation.
Firstly, a literature search has been conducted to grasp the status of current
research on ship automatic collision avoidance, understand the advantages and
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disadvantages of various control systems and algorithms, and then analyze the research
necessity of this dissertation.
Secondly, the process of SCA and related decision-making models were analyzed,
a model of an automatic collision avoidance decision-making system was established
and a simulation test to validate the effectiveness and performance of the controller
was conducted.

1.6 Dissertation structure
Chapter 1, “Introduction”, overviews the past and ongoing research on SACA,
analyzes the characteristics of various control algorithms, and formulates the
objectives and method of this dissertation.
Chapter 2 briefly introduces the determination of DCPA and TCPA, and the SDA
model based on ship domain used in this dissertation. Then it introduces the
determination of the collision risk index. Three basic models are involved: they are
Close-quarters situation decision-making model, space collision risk index model and
time collision risk index model. At last, the collision avoidance decision model is built
based on the ROC index.
Chapter 3 describes the state of ship motion control function and Radial Basis
Function neural networks (RBF NNs) and designs an enhanced intelligent autopilot
for automatic collision avoidance based on the adaptive neural networks algorithm.
Moreover, the Lyapunov stability theory is used in this part to analyse the stability of
the SACA control system.
Matlab simulation experiments are shown in Chapter 4 to validate the
effectiveness and performance of the proposed automatic collision avoidance decisionmaking system. The parameters used in this part are from the two ocean-going vessels
“YULONG” and “YUKUN”, which belong to Dalian Maritime University.
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Conclusions are presented in the last Section.

12

CHAPTER 2 THE PROCESS OF SHIP COLLISION
AVOIDANCE AND RELATED DECISION-MAKING
MODELS
In the maritime era, research on ship collision avoidance has never stopped. As
early as the sailing era, people studied the characteristics of ship maneuvering during
encounter situations, and summed up the lessons from the collision accidents (Clayton
& Kurz, 1963). They proposed some technical rules, and formed the preliminary
principle of encountering geometry. In order to avoid collision accidents, reduce
human life losses and property losses, and also to determine the legal responsibilities
of the parties after a collision accident, the maritime member states have formulated
rules for maritime collision avoidance with the dual nature of legal norms and technical
regulations ( Hilgert & Baldauf, 1997).
For the purpose of guaranteeing navigational safety and establishing an
internationally applicable convention to prevent collisions between ships, the
International Maritime Conference held in Washington in 1889 first formulated the
"International Collision Regulations". The Convention was subsequently revised five
times in 1910, 1929, 1948, 1960, and 1972 (IMO, 2018e). As of September 2018,
COLREGs (1972) has been ratified by 159 states all over the world, representing 99.2%
of merchant fleet tonnage (GISIS, 2018). As an essential norm, there is no doubt about
the status and role of COLREGs. As a technical specification, the role of COLREGs
is mainly to guide the OOW in analyzing encounter situations and performing their
obligations and duties. As a legal norm, the main role of COLREGs is to constrain the
behaviour of the ship and to be the primary basis for judging the responsibility in a
collision (IMO, 2018e).
With the advent of the E-navigation era, the methods of information theory,
system theory and cybernetics have been gradually applied to the shipping industry
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(Hagen, 2017). The depth and breadth of research on the systems of SACA are in the
process of continuous development.

2.1 Decision-making process of ship collision avoidance
Collision prevention is an incredibly complicated process, which requires a
thorough study of the entire process and every single section (Yang & Chen, 2011).
COLREGs merely makes qualitative stipulations on every part, while quantitative
studies are necessary to build a mathematical model for every section (Statheros,
Howells & Maier, 2008). As is shown in Figure 4, the decision-making process of
vessel collision avoidance mainly includes the following aspects (Cockcroft &
Lameijer, 2012):
1) Finding the target and acquiring its basic information;
2) Confirming SDA within the territory of own ship;
3) Confirming the DCPA and TCPA between vessels;
4) Comparing SDA with the DCPA, and judging whether the collision risk exists
or not;
5) If two ships are involved in an ROC, confirming the encounter situation then
ascertaining the collision liability and actions;
6) Calculating the collision risk index uT . If the own ship is a give-way vessel
or has the same collision liability, when collision risk index uT  0.5 , then take
actions. If the own ship is a stand-on vessel, and the other vessel does not take effective
action to avoid collision, the collision risk index uT  1 , then the own ship takes
actions;
7) The order of avoidance will be delivered to the emulator, the alteration course
is calculated by successive approximation algorithm, and passed to the autopilot.
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8) Taking actions to avoid collision.
9) Verifying the validity of the actions adopted.

Navigation data
collection

Ship Domain
Calculation of ship motion
parameters

SDA calculation

Risk of collision

No

No action

Yes

Meeting
situation
analyse

Stand-on vessel

No action

Give way vessel

Calculate ROC
index

Calculate ROC index
Violate the setting standard

Rudder control
system

If ROC index=1

Calculate the turning angle
Feed back

Take action

Check the effectiveness of action
Back to the original
course

Figure 4 The process of SCA

15

2.2 The determination of DCPA and TCPA
In this part, collision avoidance geometry is applied to determine DCPA and
TCPA. Through the apparatus on board, such as the AIS, ECDIS, Radar, Automatic
Radar Plotting Aids (ARPA), Global Positioning System (GPS), the following indices
can be acquired: own ship’s velocity Vb , heading b and location  X b ,Yb  ; the target
vessel's velocity Vt , heading t and location  X t , Yt  . (Note: DCPA and TCPA between
the two vessels can also be directly acquired through the mandatory apparatus
equipped on board.) The own ship’s velocity components in X、Y coordinate axis are

Vxb ,Vyb , the target vessel’s velocity components in X、Y coordinate axis are Vxt , Vyt , the
two vessels' relative velocity is Vr , relative heading is

 r , relative velocity

components in X、Y coordinate axis are Vxr and Vyr , the bearing of the target vessel
is at , and the relative bearing is

t  at  b , the head crossing angle of the two

vessels is Ct   t  b , the spatial distance between two vessels is Rt .
Then calculate DCPA and TCPA:

DCPA  Rt  sin  r  at   

(1)

TCPA  Rt  cos  r  at    Vr

(2)

2.3 Safety encounter distance model
According to Rule 8 of COLREGs, SDA means the safe passing distance that the
give-way vessel should maintain when two vessels are involved in an ROC. Moreover,
the give-way vessel shall check the effectiveness of the action carefully, make sure that
the stand-on vessel is finally past and clear (Commandant, U. C. G., 1999). It is
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precisely the request of the action effect. That is to say, there will be no collision risk
if two vessels can navigate within a safe distance. Thus no avoidance actions are
needed. Therefore, SDA is a vital index that determines the ROC and the
corresponding avoidance actions (Park & Kim, 2017). The determination of the safety
encounter distance has a certain relationship with the width of the navigation water,
visibility, navigation environment, and the ship’s size (Zhang, Liu, Cai, Wu & Shi,
2016). There is no unified standard for SDA in COLREGs. Ship domain is a spatial
scale surrounding the vessel that the obstacles and other vessels shall keep clear of. It
is also a vital criterion in assessing the encounter situation (Pietrzykowski & Uriasz,
2009). Many experts have studied in this field and put forward various models
(Szlapczynski & Szlapczynska, 2016). For the convenience of the system application,
this dissertation adopts the SDA model based on ship domain that was proposed by
Goodwin (1975).
Goodwin's model is appropriate for various encounter situations in open waters.
For a ship coming from 0°~112.5°of the own vessel's starboard, ship domain is 0.85 n
miles; for a ship coming from 112.5°~247.5°of the own vessel's starboard, ship domain
is 0.45 n miles; and for a ship coming from 247.5°~360°, ship domain is 0.7 n miles.
In the abovementioned situations, domain means SDA. Considering the development
trend of ship automation, and to further ensure the safety of the SACA, the four
orientations of the Goodwin model are appropriately revised in this thesis as follows:
Table 1 Revised domain model
Relative bearing of the target vessel 000°

090°

180°

270°

Numerical value of domain (n mile) 1.0

0.9

0.6

0.85

Based on the revised domain model, When determining the safe encounter
distance, the concept of fuzzy boundary is used to obtain the fuzzy boundary (Zhao &
Wang, 1989), FBD  0.276domain  0.276SDA , and the time to conduct action by
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the give-way vessel is determined as follows (Chauvin, Clostermann & Hoc, 2009):

DCPA  SDA means a safe encounter situation, no action;
SDA  DCPA  SDA  FBD means that it involves an ROC, but the risk is
relatively low; the give-way vessel can take no action.

DCPA  SDA  FBD means that it involves an ROC; the give-way vessel should
take actions to keep out of the way of the stand-on vessel, make sure that the it is finally
past and clear and DCPA  SDA is restored.

2.4 Encounter situation
Encounter situation includes every situation, no matter whether the vessels are in
sight of one another or not. In order to establish an ACAS for ships at sea, the
reasonable division and judgment of the encounter situation is the basis for calculating
the ship collision risk, determining the applicable rule provisions, and determining the
responsibility for avoidance and conduct of vessels (Feng & Li, 2012). According to
the COLREGs, and considering the general practice of seafarers, the encounter
situation can be divided into six regions when the two ships are in sight of one another
(Tsou, Kao & Su, 2010b).
As shown in Figure 3, the own ship has the responsibility to keep out of the way
of the coming ship in the direction of the F, A, and B areas. The own ship shall alter
course to starboard of the coming vessel in F and A areas, and alter course to port of
the coming vessel in B area. The own ship is a stand-on vessel to the coming vessel in
C, D and E, and shall keep her course and speed. If the own ship finds that the giveway vessel does not take appropriate action in compliance with COLREGs, she may
however conduct an action to avoid collision by her manoeuvre alone (Ying, Shi &
Yang, 2007).

18

355°

5°

F

A
0°
67.5°

E
B
112.5°
247.5°

D
C
210°

180°
Figure 5 Collision avoidance action classification of two ships

2.5 Responsibilities in Collision Avoidance
In conditions of good visibility and when ships are optically in sight of each other,
if two ships are involved in an ROC or cannot guarantee the safe encounter distance,
according to COLREGs, the give-way vessel shall conduct early and substantial
actions to keep well clear of the other vessel. Moreover, according to Rule 19 of
COLREGs, there are no so-called stand-on vessels and give-way vessels in restricted
visibility, and all ships involved in the ROC are obliged to take actions (Yang, Suo &
Chen, 2007).
The division of avoidance responsibility according to COLREGs is mainly based
on two principles, namely the ships' geometric relationship and the ability to avoid and
maneuver during the encounter situation. In order to clarify the responsibility for
collision avoidance, COLREGs explains the responsibility and divides the
responsibilities into the following three situations (Chauvin & Lardjane, 2008):
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1) The vessel is required not to impede the safe navigation of another vessel;
2) The give-way vessel shall keep out of the way of the others, and the standon vessel shall keep course and speed.
3) Both ships are required to take action, and the two ships have the same duty
and obligation to avoid collision.

2.6 The determination of the collision risk index
Due to the ambiguity and uncertainty of ROC, there is no consistently accepted
measurement method. Although COLREGs has repeatedly cited “ risk of collision”, it
does not give a strict definition, the concept and connotation of ROC have not been
unified. It is very practical to use ROC to describe the magnitude of the collision risk
between ships. Depending on the magnitude of ROC, the OOW can determine both
the time and order to conduct actions during the encounter situation (Goerlandt,
Montewka, Kuzmin & Kujala, 2015). When the ROC is small, the OOW only needs
to observe the movement of the ship and pay attention to the development of the
situation. When the collision risk violates the safety threshold, then it is necessary to
take measures. So the ROC index is used for the measurement and the indication of
whether the risk of collison exists. Based on previous studies, Zheng and Wu (2002)
came up with the concepts of time collision risk and space collision risk, and built the
models respectively. Finally, they combined both models and, thus, acquired the ROC
model, which thoroughly considered the influence of multiple factors. The SACA
model used in this dissertation was built based on this.

2.6.1 Close-quarters situation decision-making model.
COLREGs does not explicitly define the concept of the close-quarters situation,
so as the experts in this field. It is generally accepted on board that close-quarters
situation refers to the situation that the stand-on vessel finds herself so close that the
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ROC cannot be avoided by the action of the give-way vessel alone (Commandant, U.
C. G., 1999). Therefore, it is a mark of the close-quarters situation whether a vessel
can navigate in SDA.
According to the Rule eight of COLREGs, if the sea-room is sufficient, and the
substantial actions are taken in good time and do not lead to another close-quarters
situation, then the alteration of course alone may be the most effective action to avoid
a close-quarters situation (Commandant, U. C. G., 1999). Thus the autopilot in this
dissertation adopted course alteration to avoid a close-quarters situation, but not the
acceleration or deceleration manoeuvres. Then there must be a point when a give-way
vessel alters the course by 90 , and the two vessels can pass in SDA, which in this
thesis we call “the point of the last minute action”. Other concepts by various
researchers have chosen different approaches to determine the last minute action
(Krata & Montewka, 2015; Baldauf, Mehdi, Fischer & Gluch, 2017).
Supposing that the spatial distance between the two vessels is D1 , the time
needed for the give-way vessel to alter the course by 90 is Tn , the velocity and
heading of the stand-on vessel and the give-way vessel is Vt , Va , and
initial coordinates of the two vessels are

 t ,  a ; the

 0, 0  and  X to ,Yt 0  ; after altering a

course, the coordinates of the two vessels are

 X a1 ,Ya1 

and

90

 X t1 ,Yt1  , true bearing

of the stand-on vessel after altering a 90 course is at , and the spatial distance of the
two vessels is D .
Here the advance of 90 change of the heading for the give-way vessel is Ad ,
and the transfer at 90 change of the heading for the give-way vessel is Tr ; Assuming
that the distance travelled by the center of gravity of the give-way vessel after a 90
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change of the heading is R , then R  Ad2  Tr2 .
The coordinates of the give-way vessel after a 90 change of the heading are :



Tr 
 X a1  R  sin  0  arctan 
Ad 



Y  R  cos   arctan Tr 
 0

 a1
Ad 


Assuming the initial DCPA of the two vessels is DCPA  a ,

(3)

 a  SDA , then:

a  D1  sin  r  at   

(4)

During the process of course alteration, the relative heading of two vessels is

 r  arctan

Vt sin t  Va sin a
 1
Vt cos t  Va cos a

(5)

Where, the calculation of 1 is as follows:
Suppose m1  Vt sin t  Va sin a , n1  Vt cos t  Va cos a

0  m1  0, n1  0 

1    n1  0 

2  m1  0, n1  0 

(6)

Then, when the give-way vessel turns its heading, the relative bearing of the
stand-on vessel is :

at  arctan

Vt sin t  Va sin a
a
 1  arcsin  
Vt cos t  Va cos a
D1

(7)

The coordinate of the stand-on vessel is X t 0  D1 sin at , Yt 0  D1 cos at ；
After the give-way vessel has a 90 change of the heading, the coordinate of the
stand-on vessel is X t1  X to  S sin t ; Yt1  Yto  S cos t ; The relative bearing
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of the stand-on vessel is at  arctan

X t1  X a1
 2
Yt1  Ya1

Where the calculation of  2 is as follows:

0  X t1  X a1  0, Yt1  Ya1  0 

 2   Yt1  Ya1  0 

2  X t1  X a1  0, Yt1  Ya1  0 

(8)

After the give-way vessel has a 90 change of the heading, the distance between
the two vessels is D :

D 

 X t1  X a1   Yt1  Ya1 
2

Where, when the symbol of arctan

2

(9)

Tr
is“+”, it means the give-way vessel turns
Ad

to starboard side; while “-” means turn to portside. Ad means the advance of 90
change of the heading for the give-way vessel, Tr means the transfer at 90 change
of the heading for the give-way vessel, and S is the spatial distance travelled by the
give-way vessel. According to the empirical formula, the parameters can be
approximated as Ad  7 L , Tr  3L , S 

7L
V t (Zheng & Zhaolin, 2002).
0.8Va

When the give-way vessel has a 90 change of the heading, the relative heading
of two vessels is

 r  arctan

Vt sin t  0.8Va sin  a  90 

Vt cos t  0.8Va cos  a  90 

 3

(10)

Where, the calculation of  3 is as follows:
Assume

that

m3  Vt sin t  0.8Va sin  a  90 
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,

n1  Vt cos t  0.8Va cos  a  90 

0  m3  0, n3  0 

 3    n3  0 

2  m3  0, n3  0 

(11)

When the give-way vessel has a 90 change of the heading, suppose the two
vessels happen to navigate exactly within SDA, then:
D  sin  r  at     SDA

(12)

Finally:





T 
2
D12   2TnVt cos  at  t   2 Ad2  Tr2 cos  at    arctan r   a    D1  TnVt 
Ad 


 



T
 Ad2  Tr2  2TnVt Ad2  Tr2 cos  at    arctan r
Ad





SDA2



0
 a 
2


sin


a





r
t


(13)

The successive approximation algorithm can be used to calculate D1 , namely the
distance for the point of the last minute action (Zheng & Zhaolin, 2002)..
In this way, two vessels will not fall into a close-quarters situation if the give-way
vessel takes action outside D1 ; while on the other hand, two vessels will get into a
close-quarters situation if the give-way vessel takes action within D1 ; under this
situation, the ROC cannot be avoided by the action of the give-way vessel alone, and
cannot ensure the two vessels navigate in SDA (Cockcroft & Lameijer, 2012).

2.6.2 Space collision risk index model
Space collision risk (SCR) index refers to a measurement of ROC when a possible
collision accident exists between the two vessels (He, Huang, Xiong & Hu, 2015),
which is usually determined by several indicators including the relative bearing
between the two vessels, the initial DCPA of two vessels, and two peripheries of the
coming vessel's SCR index that are designed to be 1 and 0.
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The index of the SCR is related to the relative bearing of the coming vessel, which
can determine whether the other vessel is a stand-on vessel or a give-way vessel.
Additionally, the division of the stand-on and give-way vessel is also relevant to
visibility (Zheng & Zhaolin, 2002).
Assuming that the variation domain of the initial DCPA of two vessels is U d , the
fuzzy sets of SCR index is U dT , then the subordinated function of U dT is (Zheng &
Zhaolin, 2002):

udT

1

3.03
 d 2  DCPA 
 

 d 2  d1 
0


DCPA  d1
d1  DCPA  d 2

(14)

DCPA  d 2

Where: DCPA  Rt sin  r  at    , d1 is the boundary when the ROC index is
1 and d 2 is the boundary when the ROC index is 0. On the basis of fuzzy boundary's
concept, under the circumstance of good visibility, when the own vessel is a give way
vessel, the internal boundary of the own ship is

d1 and outer boundary

d2  SDA 1  0.276  ; when the own vessel is a stand on vessel, the internal boundary
of the own ship is d 2 and outer boundary d1  (1  0.276) SDA ; while under the
circumstance of poor visibility, both of the vessels have obligations to take actions to
avoid collision, and in this case, the ROC index remains relatively high, with internal
boundary d1  SDA and outer boundary d2  SDA (1  0.276) .

2.6.3 Time collision risk index model
Time collision risk (TCR) index refers to the temporal urgency degree when a
vessel is navigating toward the point of last minute action (He, Huang, Xiong & Hu,
2015). Assuming that the variation domain of the initial TCPA of two vessels is U t ,
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the fuzzy sets of TCR index is U tT , then the subordinated function of U tT is (Zheng
& Zhaolin, 2002):
（1）When TCPA  0 ,
1

3.03
 t  TCPA 
utT  

 T2  T1 
0


TCPA  t1
t1  TCPA  t2

(15)

TCPA  t2

（2）When TCPA  0 ,
1

3.03
 t  TCPA 
utT  

 t2  t1 
0


TCPA  t1
t1  TCPA  t2

(16)

TCPA  t2

Where, t1 refers to the time of the target vessel coming from the boundary point
to the closest point of approach (CPA) which the ROC index equals 1, and t2 refers to
the time of the target vessel coming from the boundary point to the CPA which the
ROC index equals 0. When the distance between the two vessels is less than D1 , which
is the latest distance to take a last minute action (Tam & Bucknall, 2010), even if the
give-way vessel has a 90 change of the heading, it cannot ensure a safe encounter in
SDA, thus supposing the time from the point of last minute action to the CPA is t1 . It
is generally accepted that when the spatial distance between the two vessels is 6~8 n
miles, it can be called the “free navigating” stage (Xu, 2014). For the sake of safety, it
is deemed that collision risk is gradually formed when the distance between two
vessels is less than eight nautical miles, then assuming the time it takes for the two
vessels coming to the CPA is t2 (He, Jin, Huang, Xiong, Chen & Mou, 2017). Thus,
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the calculation of t1 and t2 is as follows:
2
2
t1  D12  DCPA2 Vr , t2  8  DCPA Vr

(17)

ROC index is the combination of SCR index and TCR index, defining as :

uT  udT  utT , where  is the composition operator, with means:
If udT  0 ,then uT  0 ;
If udT  0 , utT  0 , then uT  0 ;
If udT  0 , utT  0 , then uT  min udT , utT 

2.7 Collision avoidance decision model
In the automated collision prevention system, the determination of the occasion
for the avoidance of collision is a crucial task. It is of great importance to know how
to appropriately and adequately confirm the time of avoiding a collision and take
actions. Premature actions are of no necessity, while on the other hand, if the actions
are taken too late, it may lead the two vessels to fall into a close-quarters situation and
uncoordinated actions or even a collision accident (Zheng & Zhaolin, 2002).
Meanwhile, COLREGs stipulates that avoidance actions should be taken in a "timely"
manner. Therefore, the occasion of collision avoidance is a standard to estimate if the
action is "timely" enough.
This dissertation applies the ROC index to determine the occasion of collision
avoidance, the risk index and safety index are relative concepts, and the sum of them
equals 1. When the risk increases, the degree of safety decreases and vice versa.
The actions should be "timely", so it is dangerous when the ROC index is equal
to or higher than the safety index, and at this moment vessels should take actions. That
is to say when the ROC index is equal to or higher than 0.5, vessels should conduct
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actions to avoid collision, which is precisely the time of collision avoidance for the
give-way vessel.
The 2nd item of Rule 17 in COLREGs stipulates that the stand-on vessel shall
take action as will best aid collision avoidance if she finds that the collision cannot be
avoided by the action of the give-way vessel alone.
Here, the word "should" is a compulsory demand for the stand-on vessel, so the
occasion means that the stand-on vessel should adopt the best way to take actions to
avoid collision when the give-way vessel has reached the point of last minute action
but has done nothing. At this time, where DCPA  SDA , the ROC index of the standon vessel is 1.
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CHAPTER 3 AUTOMATIC COLLISION AVOIDANCE
FOR THE SHIP AUTOPILOT DESIGN BASED ON THE
ADAPTIVE NEURAL NETWORKS ALGORITHM
The typical nonlinear ship motion control system has the characteristic of strong
nonlinearity, large time lag, and large inertia (Ning, Sun, Li & Qiao). Moreover, it is
susceptible to changes in model parameters and external disturbances such as wind,
waves, and currents (Ning, Li, Li & Sun, 2016). It also has non-holonomic constraints
and under-actuated characteristics. Under the condition of inaccurate parameter
identification and external disturbance, the realization of high-precision motion
control of under-actuated ships is the key to whether the ship's automatic collision
avoidance technology can be effectively applied to practice (Yang & Zhang, 2015). It
is of practical significance for the automation and intelligence of ship handling and
ship collision avoidance (Zhang, Yan, Chen, Sang & Zhang, 2012).
By using the self-adaptive neural networks algorithm, this dissertation develops
an autopilot algorithm for the realization of automatic collision prevention. Firstly, it
needs to follow a relatively small turning variation c , then automatically calculate
the current DCPA and TCPA when the heading is stable, and compare the DCPA and
SDA between the two vessels. When a relatively significant value difference occurs, a
successive approximation algorithm will be applied, making C  C  c until the
value difference between DCPA and SDA is less than the set threshold value
namely

DCPA  SDA   .

,

 is a relatively small positive value, and C

represents turning angle. Then the satisfactory C will be delivered to the autopilot
to control the steering engine and thus realise automatic collision avoidance.
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3.1 Problem Formulation
There are two main ways to establish a ship motion model (Norrbin, 1971). One
is the holistic model structure proposed by Abkowitz et al. It regards the ship, paddle
and rudder as an inseparable whole and studies the overall force of the ship, called the
Abkowitz model. The other is a separate model structure proposed by the Japanese
Manipulation Motion Mathematical Model Group. It decomposes the overall force of
the ship into individual forces of the ship, paddle and rudder and mutual interference
between them, called the MMG model. On the other side, Ship motion can be
described by the state-space model or the input-output model. The state-space model
can describe the ships’ multivariable motion control problem, and the description of
disturbances such as wind, waves and currents is also relatively straightforward and
accurate, but the calculation process is relatively complicated. While the input-output
model seizes the main context of ship dynamics from    , the differential
equations can still retain nonlinear terms. It is even possible to treat external
interference as a kind of interference input, thus acting on the control input of the
system, the calculation process is easy to implement (Nomoto, Taguchi, Honda &
Hirano, 1957).
This thesis uses the input-output mathematical ship motion model. The nonlinear
ship motion equation can be expressed in the following form (Ghommam, Mnif, Benali
& Derbel, 2009):

  r


 3 K

r   r  r    d
T
T
T

KE
1

   T   T  E

E
E

where

r is the yaw rate,  means the ship’s heading,
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(18)

 is the control rudder

angle, T is the turning lag index, K is the turning ability index,  ,  are the
Norrbin coefficient, d is the bounded uncertain external perturbations, k is the
control gain of the rudder actuator, TE is the time delay constant respectively,

 E is

the order angle of the rudder(Li, Ning & Liu, 2013).
Through the transformation of the equation (18), the formula expression of a class
of nonlinear uncertain system can be obtained in the following way (Li, Wang, Feng
& Tong, 2010):
 x1  g1  x1  x2  1  x1    1

 x2  g 2  x2  x3  2  x2    2

 x3  g3  x3  u  3  x3    3
y  x
1


x1  
2  


T

, x2  r

x2  


T

x23 ,

, x3  

3  

, g1  1

1
x3 ,
TE

,

g2 

(19)
K
, g3  K E
T
TE

 2  d , 1   3  0 ,

, 1

0

u  E

,

and

x  [ x1 , x2 , x3 ]  Rq denotes the system state vector, g 2 denotes the control gain,
2 ( x) means the unknown nonlinear function, u, y  R denote the input and the
output of the control system, respectively.
According to the research (Li, Hong & Shi, 2008; Li, Li & Bu, 2011), the
following assumptions can be brought in.
Assumption 1:
1) The absolute value of g i which denotes the unknown control gain function
is positive.
2) Without loss of generality, assume the maximum value of g i is g max , the
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minimum value of g i is g min .

0  g min  g i  g max

(20)

Assumption 2:
Assume 

is bounded, namely, a positive unknown constant  i exists and

 i   i , i  1, , n .
Assumption 3:
Assume the system reference signal yr  t  is a sufficiently smooth function of t ,
moreover, yr and the derivatives yr , yr are also bounded, namely, a positive
constant B0 exists:

0 : 

 y , y , y  :  y 
r

r

r

r

2

  yr    yr   B0
2

2



(21)

3.2 RBF Neural Network
The Radial Basis Function Neural Networks (RBF-NNs) was proposed in 1988,
and it belongs to a class of linearly parameterised networks (Li, Hong & Shi, 2008).
Compared with multi-layered feedforward neural networks, RBF networks have good
generalization capabilities. The network structure is simple and can avoid lengthy
unnecessary calculations. The RBF Neural Networks can realize the adaptive
approximation of model unknown parameter terms and reduce control gain effectively.
The RBF Neural networks adaptive law is derived by the Lyapunov method, through
the adjustment of adaptive weights, it can guarantee the stability and convergence of
the entire closed-loop system. Research on the RBF neural networks shows that it can
approximate any nonlinear function in a compact set and arbitrary precision (Park &
Sandberg, 1991), namely, h( x) : R  R :
q

32

h(x)   S( x )

(22)

Where x x  R , S ( x)  1 ( x),...... l ( x) ,   1 ......l   Rl is the weight vector,


q

and the number of NNs node l  1 .

 i ( x) 



 i ( x) can be designed as the Gaussian function:

 ( x  i )T ( x  i ) 
1
exp 
 , i  1, 2,..., l
i2
2i



Where i is the width of the Gaussian function, i   i1 ....il 



(23)
is the centre

of the receptive field. The RBF neural networks in formula (22) can be used to
q
approximate any continuous function F ( x) over a compact set with x  x  R ,

namely (He, Ge, How & Choo, 2014):

F( x )   S( x )   , x   x
where



(24)

is the approximation error,  * is the ideal weight vector and also the

*
estimated value of  that minimizing |  | for all x, x  x , here  can be

typically defined as




 xx



 *  arg min sup F ( x)    S ( x) 
R

n

(25)

Here one lemma and one assumption were brought in for the use of the following
chapters (Li, Yang, Hong & Qin, 2007).
Lemma 1(Yang, Li & Wang, 2006): By using the RBF Neural Networks and
continuous function separation technique (Lin & Qian, 2002), any real continuous
function f  x  , f  0   0 , can be expressed as

f  x   S  x  Ax
where

A   ,   

,

S  x   1, S  x   1, 1  x  ,  2  x  ,

(26)

 l  x 

,

   1 ,  2 ,  n  denotes the vector of the approximation error, and  denotes the

33

weight matrix.
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   21
 
 
l1


12

22












l2

1n 

 2n 
 

ln 

(27)

Assumption 4 (Li, Wang, Feng & Tong, 2010): Assume  *  0 for all Z Z ,

and  i is an unknown upper bound of the approximation errors  i , i  1, 2 .

3.3 Control Design and Stability Analysis
Backstepping technology has distinct advantages in achieving robust control and
adaptive control to a class of uncertain nonlinear system, especially when the
interference or uncertainty does not satisfy the matching condition (Polycarpou &
Mears, 1998). However, Backstepping technology itself has no good solution to the
parameter items expansion or explosion caused by the virtual control derivation
process and the problems caused by parameter items expansion. This disadvantage is
particularly acute in high-order control systems (Yang & Ren, 2003). By utilizing the
Dynamic Surface Control (DSC) method, the first-order integral filter is used to
calculate the derivative of the virtual control law, which can eliminate the expansion
of the differential term, making the process of the SACA controller and parameter
design much simpler (Li, Wang, Feng & Tong, 2010)).
Based on the above-mentioned SACA model, and combining the RBF neural
networks and the DSC method, an enhanced intelligent autopilot for the system (19)
was designed in this chapter. By using the Backstepping technology, the virtual control
law

 i is designed in each step, and the system control law u will be designed at
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the end (Li, Ning & Liu, 2013).
Step one: Based on the above-mentioned Lemma and assumption, define the
system input error s1  x1  yr , and yr  C . Because of the unknown term in
system model (19), the control law of system (19) cannot be designed directly, so the
RBF neural network is used for approximation, then we have:

s1  1 ( x1 )  g1 ( x1 ) x2  1  yr

(28)

1 ( x1 )  S1 ( x1 ) A1x1  1  S1 ( x1 ) A1s1  S1 ( x1 ) A1 yr  1
Assume b1  A1 , then the normalized term A1m 

(2)

A1
A
 1 , and 1  A1m s1 , then
A1
b1

1( x1) and s 1 can be expressed as follows:

1( x1)  b1S1( x1)1  S1( x1)A1y r  1

(30)

s1  g1x 2  b1S11  1  y r

(31)

where 1  S1 ( x1 ) A1 yr  1  1 , then we have
1  S1 ( x1 ) A1 yr   1  1*  gmin1（
1 x1 )

(32)

1
where, 1  g min
max( A1 yr , 1*   1 ) and 1 ( x1 )  1  S1 .


The parameter 1 , yr , and

 1 in formula (32) is bound, so  is also bounded.

By using the Backstepping technology, the virtual control law

 2 for x2 can be

chosen as follows:

 2  k1s1  yr  ˆ 1 ( x1 )s1

(33)

By using the DSC method, the virtual control law

 2 can be replaced by its

estimation z2 , and

 2 is the time constant:

 2 z2  z2   2 , z2 (0)   2 (0)
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(34)

Define the output error of the first-order filter is y2 , then y2  z2   2 , it yields

y2  z 2   2  


y2

2

y2

2

 (

 2
 2
 2 ˆ
s1 
x1 
  yr )
s1
x1
ˆ

 B2 ( s1 , s2 , y2 , ˆ, yr , yr , yr )
(35)

According to Lyapunov stability theory, choose the Lyapunov function candidate

V1 as follows:
V1 
1
   gmin
max b2 ,  2 

i ( xi ) 

1 2
( s1    g min  1  y22 )
2

,

b  max b1 , b2 , b3 

,

(36)

  max 1 ,2 ,3

,

1 2
1
 ( xi )  2 Si Si , where  i , li , and  are design constants, then we
2
4li
4 i

have

g max  1 2 g max 2
) s1 
s2  ( g max  1) B22  l12   1211
4
4
g max 2 y22
1 
2
ˆ
 g min   (1 ( x1 ) s1   )  (
y2   y2 B2 )
4
2

V1  ( g min k1  2 

(37)

Step two: Refer to step one, define the intermediate error variable s2  x2  z2 ,
then the

2( x 2 ) and s 2 can be expressed as follows:
s2  2 ( x2 )  g2 ( x2 ) x3   2  z2
 s1  yr 
   2  b2 S2 2   2
 s2  z2 

2 ( x2 )  S2 A2 x2   2  S2 A2 

m
Where b2  A2 , the normalized term A2 

(39)

A2

m
,  2  A2 s2 with si   s1 , s2  ,
A2

and 2  S2 ( x2 ) A2 yr  S2 ( x2 ) A2 z2   2 , then we have
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(38)

s2  g2( x 2 )x 3  b2S2( x 2 ) 2  2  z2

(40)

2  S2 A2 yr  S2 A2 z2   2   2  gmin22

(41)

1
2  gmin
max( A2 yr , A2 z2 ,  2*  w2 ) and 2 ( x2 )  1  S2  x2  , also  2 is

bounded.
By using the Backstepping technology, the virtual control law

 3 for x3 can

be chosen as follows:

3  k2 s2  z2  ˆ 2 ( x2 )s2

(42)

Similar to step 1, by using the DSC method, the virtual control law
replaced by its estimation z3 , and

 3 can be

 3 is the time constant:

 3 z3  z3  3 , z3 (0)  3 (0)

(43)

Define the output error of the first-order filter is y3 , y3  z3  3 , it yields
y3  z3   3  


y3

3

y3

3

 (

 3
 3
 3 ˆ
s2 
x2 
  yr )
s2
x2
ˆ

(44)

 B3 ( s1 , s2 , s3 , y2 , y3 , ˆ, yr , yr , yr )

According to Lyapunov stability theory, choose the Lyapunov function candidate

V2 as follows:
V2  V1 

V2  ( g min k1  2 

1 2
( s2  y32 )
2

(45)

g max  1 2
g  1 g max 2 g max 2
) s1  ( g min k2  2  max

) s2 
s3
4
2
4
4
2

2

i 1

i 1

( g max  1) B22   (li2   i2 i i )  g min   1 (  i ( xi ) si2  ˆ)
(

(46)

g max 2 3  g max 2
g
y2
y2 
y2  y2 B2 )  ( max y32  3  y3 B3 )
4
4 2
4
2

Step three: Refer to step one, define the intermediate error variable s3  x3  z3 ,
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then the

3( x 3 ) and s 3 can be expressed as follows:
s3  g3 ( x3 )u  3  x3    3  z3

(47)

 s1  yr 
3 ( x3 )  S3 A3 x3   3  S3 A3  s2  z2    3  b3 S3 3  3
 s3  z3 

(48)

where b3  A3
si   s1 , s2 , s3  , and 3


A3m 

, the normalized term

A3
A3

m
,  3  A3 s3

with

 S3 ( x3 ) A3 yr  S3 ( x3 ) A3 z2  S3 ( x3 ) A3 z3   3 , then

s3  g3( x 3 )u  b3S3( x 3 )3  3  z3

(49)

3  S3 A3 yr  S3 A3 z2  S3 A3 z3   3   3  gmin33

(50)

1
3  g min
max( A3 yr , A3 z2 , A3 z3 ,  3*  w3 ) and 3 ( x3 )  1  S3  x3  , 3

is bounded.
By using the Backstepping technology, the system control law

u

can be chosen

as follows:

u  k3 s3  z3  ˆ3 ( x3 )s3
The RBF Neural networks adaptive law for

̂

(51)

is derived through the Lyapunov

stability criterion as follows in formula (52). The adaptive weights can adjust
automatically to approximate the dynamic unknown items and the disturbances, and
guarantee the dynamic stability of the control system (Sun, Wang & Peng, 2012).
3

ˆ   i ( xi ) si2    (ˆ   0 )

(52)

i 1

Where ̂ are the estimates of  , and

 i ,  0 are the design constants.

According to Lyapunov stability theory, choose the Lyapunov function candidate

V3 as follows:
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V3  V2 

1 2
s3
2

(53)

V3  V2  g min k3 s32  s3 g3 z3  s3 z3  g min ˆ3 3 ( x3 ) s32  b3 S3 ( x3 ) 2 s3  v3 s3
 ( g min k1  2 
( g min k3 

g max  1 2
g  1 g max 2
) s1  ( g min k2  2  max

) s2
4
2
4

3
g max  1 g max 2

) s3  ( g max  1) B22   (li2   i2 i i )
3
4
i 1

(54)

g
3  g max 2
 g min   1 (  i ( xi ) si2  ˆ )  ( max y22 
y2  y2 B2 )
4
4 2
i 1
3

(

g max 2 3  g max 2
y3 
y3  y3 B3 )
4
4 3
1

Similar to the stability analysis in (Li, Hong & Shi, 2008), let 0  2

1

i

(

3  gmax 1 g max M i2
) (

 0 ), i  2,3
4
4
2

1
k2  g min
(2 

,

1
k1  g min
(2 

g max  1
 0 )
4

,

1  g max gmax
1 1  g max
 0 ) .

 0 ) , k3  g min (
3
2
4

Finally V3 can be expressed as follows:
2

3

3

i 1

i 2

i 1

V3   0  si2  0  yi2   0 (  g min  1 )    i2 i i
3

      ( g max  1) B
i 1

2
i

(55)

2
2

3

3

2 
Let        ( g max  1) B    i  i  i , then (55) can be expressed as
i 1

2
i

2
2

i 1

follows
2

3

i 1

i 2

V3   0  si2  0  yi2  0 (  g min  1 )  

(56)

V3  20V3  

(57)

As to Lyapunov function V (t ) , t  t0  0 the solution to the inequality
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V3  20V3   is as follows:
V (t ) 



   ( t t
  V (t0 ) 
e
20 
20 

It follows that, for any 1  ( 

t  t0  T ,

(58)

0)

1

2 0

) 2 , there exists a constant T  0 that for all

1
s1 (t )  1 . ( 
) 2 can be made arbitrarily small if the design
2 0

parameters ki ,  i , li , i ,  ,  are chosen appropriately.
The closed-loop control system constituted by formula (31), (40), and(49), the
virtual control laws(33) and(42), the system control law(51), and the RBF neural
networks adaptive law(52), for any given positive parameter p2 , if all the initial
conditions satisfying i 
exist parameters



i
j 1



( s 2j    gmin 1 )   j 2 y 2j  2 p2 , i  1, 2,3 , then there
i

ki ,  i , li , i ,  ,  that make all the control signals of the closed-

loop system uniformly and ultimately bounded( Li, Ning, Liu & Li, 2012).
Moreover, for any given positive parameter

 0 , the system output error

s1  y(t )  yr (t ) can be made arbitrarily small by adjusting the parameters of the
controller, namely, limt  s1 (t ) 

(Li, Ning & Liu, 2013).
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CHAPTER 4 APPLICATION EXAMPLES
In this part, a Matlab simulation experiment has been done based on the two
ocean-going training vessels YULONG and YUKUN which belongs to Dalian
Maritime University. The Norrbin coefficitent  ,   and the indices of the Nomoto
model K , T will change with the ship's speed and loading status. Considering the
model perturbation error and the limited simulation condition, in this thesis, the
parameter values under economic speed are used as parameter inputs for simulation.
The parameters of YULONG are as follows (Li, Wang, Feng & Tong, 2010):
Norrbin coefficitent   1 ,    30 . K  0.4777 / s , T  217.0541/ s ,

LYL  126m , BYL  20.8m , dYL  8m , Cb  0.6810 ,   14278.12m3 , xc  0.25m ,
A  18.8m2 . Rudder parameters are K r  1 , Tr  2.5s ,
The parameters of YUKUN are:

LYK  116m , BYK  18m , dYK  5.4m ,

Cb  0.5595 ,   5735.5m3 , xc  0.51m , A  11.8m2 .
The initial parameters of the SACA controller are chosen as k  0.002 ,

k1  0.06 , k2  60 , k3  1 . The external disturbance signal is chosen as

  0.001sin(5t ) .   0.2 ,   0.005 ,  2   3  0.5 . The initial values of the
weights vectors ̂

0

are zero.

4.1 Crossing Situation
Assume the own vessel is YULONG, and the target vessel is YUKUN, then the
initial conditions parameters are chosen as: x1 (t0 )  x2 (t0 )  x3 (t0 )  0
Table 2 Initial motion parameter of the two vessels in the crossing situation

41

Longitudinal
velocity
YULONG
9.5m/s
YUKUN

9.5m/s

Lateral
velocity
0m/s
0m/s

Course
000°
270°

Initial x-label
position
0m

Initial y-label
position
0m

10000m

0m

The simulation results are shown in Figures 6~12.

Figure 6 Time response of DCPA and TCPA
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Figure 7 Time response of spatial distance and head crossing angle

Figure 8 Time response of ship course of ownship-YULONG
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Figure 9 Time response of rudder order of own ship-YULONG

Figure 10 Time response of adaptive parameter of own ship-YULONG
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Figure 11 True movement of the two ships in crossing situation
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Figure 12 Relative movement of the two ships in crossing situation
According to the simulation result Figure 6-12, the whole process for the collision
avoidance of the crossing situation is as follows:
After detecting the target and acquiring its basic information, firstly, YULONG
confirmed the SDA within the domain of own ship and the DCPA, TCPA between the
two vessels; secondly, compared SDA with the DCPA, and judged whether an ROC
indeed exists; thirdly, confirmed the encounter situation and ascertained the collision
liability and actions. In this situation, YULONG was a give-way vessel; Then the ROC
index was calculated. The ROC index violated the setting standard at 588s; it was time
to take action. By using the successive approximation algorithm, the alteration of
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course C  40 , then passed C  40 to the enhanced intelligent autopilot to take
actions. After alteration of course C , at 892s, the ROC index was less than the set
standard; then the own-ship steered back to the original course.

4.2 Head-on Situation
In the various encounter situations, the relative speed between ships in the headon situation is the greatest. In order to verify the effectiveness of the SACA controller,
the service speeds of the two vessels have been reset in this simulation.
Assume the own vessel is YULONG, and the target vessel is YUKUN, then the
initial conditions parameters are chosen as: x1 (t0 )  x2 (t0 )  x3 (t0 )  0
Table 3 Initial motion parameter of the two vessels in the head-on situation
Longitudinal
velocity
YULONG
15m/s
YUKUN

10m/s

Lateral
velocity
0m/s
0m/s

Course
000°
180°

The simulation results are shown in Figures 13~19.
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Initial x-label
position
0m

Initial y-label
position
0m

0m

10000m

Figure 13 Time response of DCPA and TCPA

Figure 14 Time response of spatial distance and head crossing angle
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Figure 15 Time response of ship course of ownship-YULONG

Figure 16 Time response of rudder order of own ship-YULONG
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Figure 17 Time response of adaptive parameter of own ship-YULONG
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Figure 18 True movement of the two ships in head-on situation
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Figure 19 Relative movement of the two ships in head-on situation
According to the simulation result Figure 13-19, the whole process for the
collision avoidance of the head-on situation is as follows:
After detecting the target and acquiring its basic information, firstly, YULONG
confirmed the SDA within the domain of own ship and the DCPA, TCPA between the
two vessels; secondly compared SDA with the DCPA, and judged whether an ROC
indeed exists; thirdly confirmed the encounter situation and ascertained the collision
liability and actions. In this situation, YULONG was a give-way vessel; Then the ROC
index was calculated. The ROC index violated the setting standard at 131s; it was time
to take action. By using the successive approximation algorithm, the alteration of
course C  29 , then passed C  29 to the enhanced intelligent autopilot to take
actions. After alteration of course C , at 522s, the ROC index was less than the set
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standard; then the own-ship steered back to the original course.

4.3 Overtaking Situation
Assume the own vessel is YULONG, and the target vessel is YUKUN, then the
initial conditions parameters are chosen as: x1 (t0 )  x2 (t0 )  x3 (t0 )  0
Table 4 Initial motion parameter of the two vessels in the overtaking situation
Longitudinal
velocity
YULONG
13m/s
YUKUN

6.5m/s

Lateral
velocity
0m/s
0m/s

Course
000°
000°

Initial x-label
position
0m

Initial y-label
position
0m

1000m

10000m

The simulation results are shown in Figures 20~26.

Figure 20 Time response of DCPA and TCPA
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Figure 21 Time response of spatial distance and head crossing angle

Figure 22 Time response of ship course of ownship-YULONG
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Figure 23 Time response of rudder order of own ship-YULONG

Figure 24 Time response of adaptive parameter of own ship-YULONG
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Figure 25 True movement of the two ships in head-on situation
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Figure 26 Relative movement of the two ships in head-on situation
According to the simulation result Figure 20-26, the whole process for the
collision avoidance of the overtaking situation is as follows:
After detecting the target and acquiring its basic information, firstly, YULONG
confirmed the SDA within the domain of own ship and the DCPA, TCPA between the
two vessels; secondly, compared SDA with the DCPA, and judged whether an ROC
indeed exists; thirdly, confirmed the encounter situation and ascertained the collision
liability and actions. In this situation, YULONG was a give-way vessel; Then the ROC
index was calculated. The ROC index violated the setting standard at 519s; it was time
to take action. By using the successive approximation algorithm, the alteration of
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course C  20 , then passed C  20 to the enhanced intelligent autopilot to take
actions. After alteration of course C , at 1069s, the ROC index was less than the set
standard; then the own-ship steered back to the original course.
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CHAPTER 5 CONCLUSION
5.1 Conclusions
In this thesis, research on ship collision avoidance decision-making has been
undertaken. Combining the COLREGs and optimising the mathematical models
involved in the process of ship collision avoidance, an enhanced intelligent autopilot
was designed for SACA. The ROC model is divided into SCR model and TCR model,
which comprehensively integrate the impact of various factors on the ROC involved
in the encounter situation between the two ships, such as the relative orientation of the
ship, the speed and relative speed of the ship, the ship domain, the fuzzy boundary and
other factors. Compared with the method of collision geometry, the proposed
algorithm in this dissertation is more accurate and easy for engineering application.
The proposed algorithm can improve the safety level of the encounter situation,
minimize the collision risk, protect life at sea and further assist the OOW in collision
avoidance. On the other hand, it can solve both the problems of “dimension curse” and
“parameter items expansion” caused by the Backstepping method in the ship motion
control system, the computation load is less, and it is much simpler. Finally, Matlab
simulation results based on two ocean-going training vessels were shown to validate
the performance and the effectiveness of the proposed SACA algorithm in this thesis.

5.2 Limitations and suggestions
Due to the limited experimental conditions, the effectiveness of the control
system can only be verified through computer MATLAB simulation. The algorithm
proposed in this research stays at the level of theory and computer simulation. The
applicability of the algorithm does not carry out a lot of systematic testing work. The
integrity and accuracy of the SACA algorithm have not undergone a large number of
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model tests, and the robustness of the algorithm has not been upgraded to a practical
level.
The algorithm can solve the problem of automatic collision avoidance between
two vessels, but there is still no good solution for the issue of automatic collision
avoidance of multiple vessels, which will be the main research direction of the author
in the future.
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