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Chapter 1 Introduction

Ship collision is one type of major accidents at sea, which receives numerous concerns from
our society. Due to that, preventing collision has been the main task for maritime practitioners
and academics. Moreover, developments on Maritime Autonomous Surface Ships (MASS) in
recent years stimulate another wave of interest in studying on collision avoidance for unmanned
ships. With this background, this dissertation focuses on the theme of proactive collision
preventions, aiming at developing collision avoidance systems across manned and unmanned
platforms. In this chapter, the background of this research is addressed, followed by
motivations, research questions, contributions, and the outline of this dissertation.

1.1 Background

The shipping industry plays a crucial role in our economy, though it usually operates in the
shadow of public attention. Over 80% of the world’s trade is carried by the shipping industry,
making it an integral part of the global economy [1]. Moreover, driven by growing economic
activities, the growth of shipping volume is continuously increasing, which is anticipated to
reach 3.2% per year [2]. With the development of the shipping industry, it also faces new
expectations from the public. Specifically, the public pays more attention to the environmental
protection, occupational safety, and transportation efficiency. A safer, smarter, and greener
shipping industry becomes a general consensus of all maritime practitioners and researchers.

Various ship casualties, however, are the challenges to these values. Ship collision is one type
of accidents which received numerous concerns due to its high frequency and negative impacts.
The casualties and incidents data collected by the European Maritime Safety Agency (EMSA)!

! The ship accidents related with EU Member States are collected, specifically, the involved ships flying a flag of one of the
EU Member States; the accident occurs within EU Member States’ territorial; or involve other substantial interests of EU
Member States.
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show that “collision” and “contact” (collision with a floating object, fixed object, etc.)
contribute to nearly 40% of accidents at sea, see Figure 1.1 [3]. In fact, from 2011 to 2015, the
collision (together with contact) is the most frequent accident at sea, according to EMSA’s
reports [4]. Nevertheless, a collision accident usually accompanies with serious damages to the
ships and enormous financial losses. Additionally, it might trigger much severe consequence,
such as the sinking of the ship, oil spill, explosion, fatalities, etc. Some accidents that happened
in the last three years are briefly demonstrated as examples:

— InNov. 2016, FLINTERSTAR sunk near the Belgian coast after a collision with LNG
carrier AL ORAIQ [5]. The public was concerned about the leakage of gas and oil spill
at sea. Fortunately, the LNG carrier is safe and little oil spilled.

— In 2017, two navy ships, USS FITZGERALD and USS JOHN S. MCCAIN, collided
with merchant ships and resulted in 17 deaths in total [6, 7].

— In Jan. 2018, the oil tanker SANCHI got fire and explosion after collision with a cargo
ship CF CRYSTAL in the East China Sea, which caused the death of 32 crew and the
worst oil spill accident in the past 35 years. The ship sunk in the end with a full cargo
of 136,000 tonnes [8].

— In Oct. 2018, the ferry ship COTUNAYV ULYSSE collided with a containership CSL
VIRGINIA, which directly led to 600 tonnes of an oil spill near Cap Corse, France?.

The combination of
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Figure 1.1 The distribution of marine casualties® (from [3]).

2 Information comes from: https://www.thelocal.it/20181008/fuel-cleanup-begins-after-cargo-ships-collide-off-corsica

3 Definition of marine casualties is from “Resolution MSC.255(84): Casualty Investigation Code”. “A marine casualty means
an event, or a sequence of events, that has resulted in any of the following which has occurred directly in connection with the
operations of a ship: the death of, or serious injury to, a person; the loss of a person from a ship; the loss, presumed loss or
abandonment of a ship; material damage to a ship; ... ... , or the potential for severe damage to the environment, brought about
by the damage of a ship or ships. However, a marine casualty does not include a deliberate act or omission, with the intention
to cause harm to the safety of a ship, an individual or the environment.”
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Ship collision-related topics have been a continuing hotspot in the maritime research domain
[9]. With numerous studies and investigations, researchers reach a common conclusion that
“human error” is the main cause of ship collision [10]. According to the annual report of EMSA,
human errors represent 58% of the accidental events. According to Allianz’s report, 75% of
15,000 marine liability insurance claims (during 2011-2016) are attributed to human errors as
primary factors [11]. Therefore, researchers are keen to find solutions to reduce or to eliminate
the human errors.

Automation is one of promising solutions. Especially, autonomous vehicles in other domain
approach to reality, and the revolution in automation achieves huge efficiency improvement.
People believe that autonomous systems for ships are not impossible and the systems can
benefit the safety and efficiency of the shipping industry. Therefore, increasing number of
researchers are engaged upon the development of the autonomous systems, aiming at replacing
the role of the human on board. A ship with such an autonomous system is named as unmanned
surface vehicle or Autonomous Surface Vehicle (ASV).

Figure 1.2 shows the word cloud of the literature in the near 10 years on the topic of ship
collision avoidance, which indicates the change of research interests. Specifically, the research
supporting human operators (e.g., navigators) is a dominant group of the literature at the early
age (i.e., the top-left corner of the figure), while the research of the unmanned ship becomes
popular in recent years (i.e., the right part of the figure).

simulation result
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navigator qjision riskiassessment
hi k parameter realtime
ship demain e 2 model predictive control
CO||IS&1 risk
obstacle
cofgept speed
; w’c Iregs rule > 4
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distance degision figd unmanned surface vehicle
\ velocity obstacle
risk
research vehicle
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encounter
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maritime traffic =
6% VOSviewer convention
2012 2014 2016

Figure 1.2 Cloud map of words in titles and abstracts of the literature in recent years®.

1.2 Motivations

With the blooming of new techniques, such as Information and Communication Technology
(ICT), Artificial Intelligence (Al), developments of a fully autonomous ship have gained a
remarkable amount of discussions. In 2018, the International Maritime Organization (IMO)

4 Using VOS viewer 1.6.10; the database is presented in Chapter 2; the occurrence of each word is larger than 6 times.
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announced four degrees of autonomy of the ship to facilitate the progress of the regulatory
scoping exercise. These degrees of autonomy are organized as follows:

Level 1: ship with automated processes and decision support,
Level 2: remotely controlled ship with seafarers on board,

Level 3: remotely controlled ship without seafarers on board, and
Level 4: fully autonomous ship.

From the IMO’s categorization, human still plays an important role from Level 1 to Level 3.
Consequently, there are still strong demands on navigational assistance to reduce human errors
in_collision avoidance, specifically, identifying collision dangers, sharing the situational
awareness with experts, etc. Moreover, on the road to the autonomy shipping, challenges exist.

At Level 2 and Level 3 stages, the human needs to cooperate with autonomous systems, e.g.,
monitoring and supervising the systems, taking over control of the systems if necessary, etc.
Then, if the opinion of the human and the machine are divergent, how can the human take over
control of the machine safely without making situations even worse is one challenge. Moreover,
even if autonomous techniques become mature enough in the future, many concerns still exist
around the humans’ willingness to adopt the techniques. Trust is one of these concerns [12].
Proper designed module of human-machine interaction might help to build the trust in the
autonomous systems. Then, design and integration of the human-machine interaction in
autonomous systems, that help the human build the trust in the autonomous systems, become
another challenge.

At Level 4 stage, it is still impossible that fully autonomous ships replace all conventional ships
overnight. Therefore, the human operators working in the conventional ships have to interact
with autonomous ships. Under this circumstance, supporting the human operators to cooperate
with the autonomous ships during collision avoidance is challenging.

These challenges motivate the research on developing a system that supports situational
awareness incorporating human-machine interactions during collision avoidance. Conventional
studies either focus on supporting human operators to detect dangers or on automatic collision
avoidance. Differently, this dissertation pays more attention to developing the tool supporting
various interactions between the human and the machine during collision avoidance. The
subsequent influence of the tool on human cognition and social-technical systems are out of the
scope of this dissertation.

1.3 Research questions

The research objectives of this study are to develop the collision avoidance system for both
manned and unmanned ships and to facilitate human-machine interactions during collision
avoidance. To achieve the objectives, the main research question of this dissertation is as
follows:

How can a Collision Avoidance System (CAS) be designed for both manned and
unmanned ships considering Human-Machine Interactions (HMIs)?

To answer this main research question, the following sub-questions are addressed.
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Question on the state-of-the-art:
1. What techniques have been developed for collision avoidance at sea, and what research
gaps can be explored in a generic framework?

Numerous studies are working on ship collision avoidance, which have developed various types
of CASs. However, there is a lack of overviews that present and compare the achievements/gaps
of the studies in a generic framework. The answers to these questions show the performance of
the existing CASs in the generic framework, revealing limitations and tendencies of the state-
of-the-art prevention techniques.

Question on the framework of Human-Machine-Interactions oriented CAS (HMI-CAS):
2. How can the framework of HMI-CAS be designed to support various modes of human-
machine interactions during collision prevention?

Most of existing CASs are specifically developed for manned ships or unmanned ships,
neglecting HMIs in the design of the CASs. In particular, the CAS developed for manned ships
only deliveries collision alerts to human operators, while the CAS for unmanned ships directly
implements collision-free solutions. The demands on HMIs are not properly considered in these
CASs. However, human-machine interactions are crucial for supporting collision avoidance in
the different autonomy levels addressed in Section 1.2. The answers to this question address
the demands on HMIs and the framework of HMI-CAS.

Question on methodology:

3. What are the proper methods that support human-machine interactions in conflict
detection and conflict resolution of HMI-CAS?

Supporting human-machine interactions is not simply adding a human-machine interface to the
conventional CAS that only delivers information to a human, but requests a new design of the
CAS that allows human operators and machines to share knowledge and to cooperate in conflict
detection and conflict resolution. Although there are numerous prevention techniques proposed
in literature, not all of them can support the various interactions. The answer to this question is
to find a group of methods suitable for supporting HMIs during collision avoidance.

Question on improving the conflict resolution module:
4. How can ship dynamics and navigational regulations be incorporated in HMI-CAS for
conflict resolution?

Many CASs neglect two factors in conflict resolution, namely ship dynamics and regulations
[9, 13]. As a result, the solutions suggested by the CAS might not be achievable or not be rule-
compliant. In extreme situations, the solutions offered by the CAS could be unsafe for users.
To solve these issues, the conflict resolution module of the HMI-CAS needs to be improved.
The answer to this question is looking for the method that not only considers the two factors
but also can be integrated to the proposed framework of HMI-CAS.

Question on improving the conflict detection module:
5. How can the conflict detection module in HMI-CAS be improved that supports the
human operators take evasive action in time?
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Measurements of risk are foundations of various CASs, which trigger collision avoidance. Most
measurement tools assess collision risk in pairwise encounters [14], and the measurement is
independent of conflict resolution. Measuring risk in these ways may lead to some problems:
firstly, a ship usually encounters with more than one ship, and the influence of other ships on
the ship cannot be ignored; secondly, when the measured risk is independent of conflict
resolution, the collision-risk level is also independent of the development of collisions, e.g., the
collision is avoidable or not. The answer to this question is to introduce the new measure of
collision risk that can be applied to the proposed HMI-CAS and supports the human operators
to take evasive actions in time.

1.4 Contribution

The contributions of this dissertation are listed below:

(1) Contribution on the state-of-the-art: this dissertation overviews the achievements of existing
collision-avoidance studies in a generic framework, which facilitates research peers gaining
knowledge of the existing methods and identifies research gaps in improving various
autonomy levels of CASs.

(2) Contribution on the development of CASs: this dissertation proposes the HMI-CAS that
fulfills the collision avoidance for both manned and unmanned ships and supports human-
machine interactions that allow operators to take over the control of unmanned ships safely.

(3) Contribution on the measure of collision risk: this dissertation introduces the novel risk
measure that is capable of assessing collision risk in multiple ships scenarios. The proposed
measure also can reflect the urgency of the upcoming collision, which are important to
facilitate ships avoiding collisions in time.

1.5 Outline of the dissertation
The structure of this dissertation is shown in Figure 1.3.

Chapter 2 presents a generic framework of ship collision avoidance in manned and unmanned
ships, where three key modules are focused, namely “motion prediction”, “conflict detection”,
and “conflict resolution”. Then, the achievements in each module are collected and discussed

in detail. In the end, the research gaps in collision avoidance are highlighted.

In Chapter 3, the demands on HMIs during collision avoidance in different autonomy levels of
ships are identified; the framework of HMI-CAS is introduced, which is based on the typical
Guidance, Navigation, and Control (GNC) system and integrates a human-machine interface.

In Chapter 4, a family of Velocity Obstacle (VO) algorithms is introduced and applied into the
HMI-CAS, which satisfies the requirements of HMIs. Comparisons of the VO algorithms and
traditional collision prevention techniques are conducted to show the advantages of applying
VO algorithms at sea.

Chapter 5 aims at improving the fundamental HMI-CAS so that the dynamics of ships are
considered. Since the horizontal movements of ships have three degrees, i.e., two degrees of
linear velocity and one degree of rotation, the interface of the HMI-CAS developed in Chapter
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4 is improved. Simulation experiments are carried out to show the performance of the proposed
HMI-CAS in various encounter scenarios at sea.

Chapter 6 focuses on improving the conflict detection module of the HMI-CAS. The core of
this chapter is constructing the measure of collision risk that incorporates conflict resolution
and handles multiple-encounter scenarios. Tests with various encounters in simulators are
presented to demonstrate how the proposed measure works.

Chapter 7 summarizes the conclusions of this dissertation, answering the research questions
formulated in Section 1.3. Recommendations for future research are provided in the end.
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Figure 1.3 Overview of dissertation structure.






Chapter 2 State-of-the-art of Collision Avoidance

Various collision avoidance techniques have been proposed in the literature, either for
supporting navigational assistance or automatic collision avoidance. However, there is a lack
of a generic framework, which hinders the exchange of knowledge among researchers with
different research backgrounds. In this chapter, a generic framework of ship collision avoidance
is presented, regardless of manned ships or unmanned ships, and the achievements in each
module of the framework are collected and discussed. In the end, a road of transition towards
autonomous ship regarding collision avoidance and the role of human-machine interaction on
this road are discussed.

This chapter is organized as follows: Section 2.2 introduces the generic framework of various
collision prevention methods; Section 2.3, 2.4, and 2.5 conduct comprehensive surveys of
motion prediction, conflict detection, and conflict resolution, respectively. Section 2.6 discusses
the developments of existing techniques for collision avoidance and the essential role of human-
machine interaction in the steps from the manned ship to the unmanned ship. Finally,
conclusions are drawn in Section 2.7.
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2.1 Introduction

The human factor is believed to be the main cause of ship collision accidents[10], which
motivates the developments of techniques handling its negative effect. One group of researchers
aims at assisting the human on board to avoid collisions, which is a classical research subject
in maritime research from the 1950s [9]. Many methods and navigational equipment were
developed and applied in practice, such as Closest Point of Approach (CPA), Automatic Radar
Plotting Aid (ARPA), Global Maritime Distress and Safety System (GMDSS), etc., which have
contributed to the significantly declining trends of accident frequency [15]. However, the
frequency of serious accidents is not decreasing but increasing by 30% after 2000 [16]. That
drives the other group of researchers to develop the unmanned ship (or ASV) that avoids
collisions automatically. The unmanned ship is expected to remove the human on board and to
limit effect of human factor on accident occurrence. In recent years, related studies have gained
a remarkable amount of attention. Many companies, organizations, and institutes have
announced their plans or prototypes of unmanned ships, e.g., Rolls-Royce, Kongsberg
Maritime, etc. Detailed information of prototypes of the unmanned ship is presented in [13, 17].

Studies on manned ships and unmanned ships are developing in parallel with different focuses.
The navigational assistance studies focus on supporting situational awareness of OOWs that
triggers collision alert in time for them; the other one is more interested in finding a way
automatically avoiding collisions. Many scholars believe the studies in two domains may
benefit each other [18]. However, there is a lack of a literature review that presents a generic
framework of collision avoidance across these two research domains, discusses the
achievements and tendency of existing collision avoidance studies, and shows the gaps in the
transition towards autonomous era.

Many review articles collected various techniques for collision avoidance, such as [9, 13, 19-
21]. However, the state-of-the-art regarding this topic is motivated by three main reasons:

Firstly, these reviews have not pointed out the links between the state-of-the-art methods for
the manned and unmanned ship. The reviews are either for supporting the human in collision
avoidance [9, 19] or for developing ASVs [13, 20, 21]. The discussion across these two groups
of studies is still missing.

Secondly, these studies usually have a wide scope, which only mentions a few techniques
specifically related to collision avoidance. For instance, paper [20] and [13] addressed the
developments of the ASV in general, while conflict detection and obstacle avoidance were of
less focus. Paper [21] focused on the techniques used in path planning and only included a few
studies related to reacting collision avoidance for unmanned ships. Paper [19] described the
collision risk assessment, but it neglected the techniques for conflict resolution.

Thirdly, as the quantity of related literature increasing dramatically, an update is needed for the
peer-researchers’ convenience. The review paper [9] concluded the shortcomings of ship
collision avoidance in early age, in particular from the 1950s to early 2000s. The concluded
limitations are widely accepted and used in recent articles and literature review. These
limitations are list as follow:

(1) Environmental factors are ignored; [9, 21]

(2) Regulations are usually out of consideration, e.g., International Regulations for

Preventing Collisions at Sea (COLREGS); [9, 13, 20, 21]
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(3) The moving obstacle is assumed to be static or semi-dynamic® [9, 13];
(4) The ship is assumed to have a highly ideal maneuverability [9, 21];
(5) The discussion on the balance of efficiency and effectiveness is missing [13].

As new methods and techniques are emerging, some limitations have been improved and
changed, which are rarely discussed in existing review articles.

This chapter aims at collecting developments of techniques used for ship collision prevention
either for manned ships or unmanned ships in a generic framework, providing a comparative
evaluation and overview on these techniques, and highlighting the demands of considering
human-machine interaction in the transition from conventional shipping towards autonomous
shipping. Compared with existing reviews, the main contributions of this chapter are:

(1) The knowledge of ship collision avoidance techniques is updated with detailed
comparisons of the strengths and weakness of methods in a generic framework
containing three processes, namely motion prediction, conflict detection, and conflict
resolution.

(2) A potential road of transition from the manned ship towards the unmanned ship is
presented based on the generic collision avoidance framework, and the role of human-
machine interactions serving for the transition is shown.

2.2 Structure of the state-of-the-art

2.2.1 Scope of review

Collision avoidance has many different interpretations from different perspectives. In some
studies, the collision avoidance refers to find a collision-free path/trajectory that connects the
origin and the destination in a given the map, such as [22], [23], etc., which are also noted as
route planning problem or path planning problem. In other studies, the meaning of collision
avoidance is slightly different, which refers to the ship departing from its current path for
avoiding the approaching dangers, e.g., [24, 25]. This kind of collision avoidance is also named
as reactive collision avoidance. To eliminate the ambiguity, the definition of collision
avoidance is re-defined for both manned and unmanned ships in this dissertation as follows:

Definition: Collision Avoidance (CA) is a process that one ship (no matter manned or
unmanned) deviates from its current route to avoid a potential undesired physical contact
at a certain time in the future.

The ship under our control is called Own-Ship (OS). Obstacles include stationary obstacles and
moving obstacles (or Target-Ship, TS).

The scope of this review narrows down to reactive collision avoidance for both manned and
unmanned ships. Specifically, two types of research are collected: 1) prevention techniques for
manned ships, which support the OOW on board, e.g., collision warning and searching evasive

3 Semi-dynamic obstacles refer to the obstacle moves without changes on headings and speed.
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actions; and 2) methods applied in ASVs that drive the vehicle to deviate from the predefined
path for collision avoidance.

2.2.2 Generic framework of ship collision avoidance

According to this definition, the collision prevention problem contains two sub-problems:
“conflict detection” and “conflict resolution”. Solving the “conflict detection” problem is to
determine whether the ship is in danger and when to take evasive actions. Solving the “conflict
resolution” problem is to answer the question of what actions should be taken to prevent
collision [26].

In manned ships, modern bridge systems, such as Integrated Navigation Systems (INS), are
designed to support collision avoidance mainly during conflict detection stage, which consist
of various observers (i.e., sensors) and instruments [27]. Its main function is to offer information
to navigators and to send an alarm if necessary. Human, who decides whether to take actions,
plays a major role in conflict resolution.

In ASVs, a GNC system takes the whole responsibility for collision prevention, which consists
of “Guidance” system, “Navigation” system, and “Control” system [28]. The “Guidance”
system is engaged to detect and to solve the conflict at the same time, which decides When and
How to take evasive actions. The other two sub-systems offer information to support the
guidance system and implement the planned actions. The data/information flows in a manned
ship and an unmanned ship during collision avoidance are separately presented in Figure 2.1.

Integrated Navigation
System

Actuator —>» Ship » Observer e

|— Route Monitoring <€

-
A I___ Collision P

Avoidance

(1) The decision process in a manned ship.

—J Actuator H Ship Observer ’—

‘Navigation

\Control ,\Guidance

(2) The decision process in an unmanned ship.
Figure 2.1 Representations of navigation systems in manned and unmanned ships.
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Based on Figure 2.1, one can see that either for the navigation system in manned ships or in
unmanned ships, some essential modules are needed to reach a collision-free solution for both
manned and unmanned ships. When the ship observes the positions of obstacles (such as TSs)
at present, it estimates the possible positions of these obstacles in the future and their
corresponding collision risks. Based on these estimations, the OS (the OOW or the ASV)
decides to keep its current route or to find a new collision-free solution.

Maritime Traffic System

Y 'v

1
|
|
}
if safe |
|
|
|
|
|
|
|
|

Figure 2.2 Generic representation of ship collision avoidance process.

The information flows of collision prevention in the manned ship and the unmanned ship can
be abstracted in Figure 2.2. Five basic components are included: (1) “Observer”, which contains
various sensors offering data to support other modules; (2) “Motion Prediction” module, which
estimates the future trajectories of the OS and the obstacles; (3) “Conflict Detection” module,
which checks collision risk and launches collision warning if necessary; (4) “Conflict
Resolution” module, which determines the evasive solutions and then, (5) “Actuator”, which
implements the solutions via rudder and propeller.

The “Motion Prediction”, “Conflict Detection” and “Conflict Resolution” are the main focuses
of this chapter, which are investigated in Section 2.3-2.5. In particular, the following questions
are discussed:

(1) What methods are used to predict the trajectory of ships and obstacles? (Section 2.3)
(2) How is the collision risk assessed and served for early alarm? and (Section 2.4)
(3) What algorithms are used to determine evasive actions? (Section 2.5)

Other modules, such as “Observer” and “Actuator”, are also necessary for collision prevention,
but they are not included in the scope of this review. In this review, it presumes that the observer
can offer accurate information about the states of the system; the actuator can execute the
collision-free solutions. For readers who are interested in the developments on observers and
actuators can read more in [13].

Therefore, the articles collected in this chapter mainly contains the topics associated with the
three sub-modules: motion prediction, conflict detection, and conflict resolution. Although each



14 Supporting Human-Machine Interaction in Ship Collision Avoidance Systems

module covers numerous studies, the studies applied to avoid collisions are found with three
steps:

Firstly, databases of “Web of Knowledge” and “Scopus” are used to collect journal and
conference papers with the following keywords in title, keywords, and abstract: “ship”,
“vessel”, “unmanned surface vehicle”, “USV”, “autonomous surface vehicle”, and “ASV”,
“collision avoidance”, “collision prevention”, ‘“avoid collision”, “prevent collision”,
“navigation safety”. The research with a series of keywords which indicate that it is out of our
scope is excluded, such as “underwater”, “aircraft”, “car”, “collision protection”, “estimation
of collision damage”, “ship-bridge collision”, “ship-iceberg”, etc. The searching result is
narrowed down by limiting the language to “English”, and research domain to “engineering”.

At this step, 304 pieces of record are obtained until Mar. 1*, 2019.

A further literature filtering is performed to identify the studies that are not completely fitting
the scopes. According to the scope described in Section 2.1, some records are removed, e.g.,
the studies relating with sharing navigation experience, the studies only considering path
planning or formation control, the studies focusing on the construction of ship domain, the
studies that do not consider moving obstacles. In the end, 90 pieces of records are obtained.

After reading the selected papers, some papers are added as the complement to the database.
Three types of studies are added: the papers that are cited in the 90 papers but not included in
the database; the studies which were published before 2000 but are classical and are sources of
some methods; the papers published in 2019 but have not appeared in the database.

2.3 Motion prediction

Motion prediction is a fundamental module for collision avoidance, which contains a process
that predicts the trajectories of the OS and obstacles. When the OS encounters with potential
dangers, the predicted trajectories are used to determine the collision risk for conflict detection.
Moreover, when the OS determines a resolution, the predicted trajectories are also needed for
checking collisions.

In this section, some popular motion models used in trajectory prediction are presented,
followed by existing techniques used in trajectory predictions. A summary of the developments
and challenges are discussed in the end.

2.3.1 Ship motion models in prediction

The predictions usually rely on the mathematical expression of the system, i.e., motion models
of the ship. Since the ship moves in a horizontal plane, the workspace of the ship in collision
avoidance studies is also the horizontal space, i.e., W = R?. The configuration space (C-space)
of the ship consists of position and orientation, i.e., C = R*xS'.

According to the constraints used in modeling, the motion models are categorized as holonomic
models (constraints on configurations only) and non-holonomic models. Non-holonomic
models contain kinematic models, dynamics models, and simplified dynamics models. Brief
information of these models is shown in summary form in Table 2.1.



Chapter 2 — State of the Art of Ship Collision Avoidance

15

Table 2.1 Overview of ship motion models

Holonomic Kinematic Dynamics model Simplified
model model dynamics model
Eq. X=u, X =u-cosy n= R(W) v and one of the following 19/2 order
j=u or §=u-siny models: response model
' " - (KT Eq)
LN = (1) Vectorial representation:
X(e)=ucosy | =4 Mi+C(v)i+D(W)vtg(n)=r+w(r) .
(1) = usiny v =a,lu g Successively
Y (2) MMG: linearization
(m+mx)—(m+my)vmr—xgmr2 =X
Meta model
(m+mi‘,)\>+(m+mx)ur+xgmf =Y
(Izc +x§m +J, )f+xgm(f)+ur) =N
Pro | Simple Simple Accurate (based on existing techniques) Relatively simple
Reflect some and accurate
feature of ship
motion
Con | Unrealistic Inaccurate Complicate Less accurate
Uncertainty on parameters (when initial
Form (1) ignores high order variables conditions are not
Form (2) requires a better understanding | satisfying)
of ship hull, rudder, and
propeller
Exa. | [29-35] [36-38] Form (1): [39-43]; Meth. 1: [47, 48];
Form (2): [44-46]. Meth. 2: [49, 50];
Meth. 3: [51, 52].

Note: “Eq.”: Equation; “Meth.”: Method. “Exa.”: example.

Holonomic model is the simplest way to describe the ship’s motion, which is based on the
assumption that the ship is a holonomic vehicle which moves freely in a horizontal plane. In
the trajectory prediction of the TSs, these equations (shown in Table 2.1) are also called
“constant velocity” model [53] that are widely used.

Kinematic model is proposed to overcome the limitations of the holonomic model, which
ignores the force that causes movements. A standard form of kinematic models is shown in
table 2.1, which comprises various kinematic models. Two popular kinematic models used in
the maritime are “dubins car” model (e.g., [36, 37]) and “simple car” model ([38]).

Dynamics model is introduced to handle the impact of the ship’s mass on ship motion that is
usually neglected in the above models. Specifically, researchers incorporated the relation
between the applied forces and the resulting movements to increase the accuracy of prediction.
Two forms have been widely used in the literature. Form 1: Vectorial representation for marine
vehicle. The dynamics model is described in a compact vectorial setting, which contains two
formulations: one describes the kinematic relations; the other shows the kinetic equations using
forces as inputs [54], see table 2.1. This form is widely used in designing controllers and
observers in ASVs [13]. Form 2: Mathematic Model Groups (MMG), which is widely used in
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maneuverability prediction. The MMG employs rudder angle and propeller revolutions as the
inputs and considers the specifications of rudders and propellers. This model is usually used in
the theoretical analysis of ship maneuverability. Details of MMG refers to [55].

Simplified dynamics models are popular among researchers even though they are less precise
than preview dynamics models [53]. Three simplification methods can be found in the
literature. Method 1: one simplification technique is to ignore some less important terms in the
aforementioned models (more details in [13]). A popular way is using 1%/2"-order response
equation to describe the dynamics of rotations and assumes the surge speed is constant and a
zero sway speed, e.g., [47, 48]. Method 2: another frequently used simplification technique is
called successive linearization, which is based on Taylor expansion. Researchers linearized the
ship motion model around an estimated trajectory. As a result, the motion model has a relatively
simple form (a linear form), and the predicted trajectory approximates the real trajectory. As
the real input deviates from the initial setting, the errors of prediction might increase. Method
3: Instead of simplifying ship dynamics based on formulations, the other simplifications are
based on simulation/experiment data. Specifically, researchers either use a simulator to generate
the responses of the ship with different inputs or collect the experimental data of the ship’s
response with different inputs. Then they use regression methods to find equations that fit the
data best.

2.3.2 Prediction of trajectory
Prediction of the OS’s trajectory

In an ideal case, i.e., the control inputs and motion models of the OS are known, the prediction
of the OS’s trajectory turns to be solving the ordinary differential equations in Section 2.3.1.
This idea is popular in the studies for ASV. The simplest way is to assume that the ship is a
holonomic vehicle, which is popular in many collision prevention studies, e.g., [29, 34, 35].
However, the errors between the predicted trajectory and the real trajectory are huge due to this
unrealistic assumption. Thus, many researchers employ either the dynamics model [49] or
simplified dynamics model [47] in trajectory prediction. Due to the complicated form of the
equations, the analytical solutions are usually infeasible, and a numerical method is usually
needed, e.g., Runge-Kutta methods [56], etc.

In other cases, researchers are faced with more practical problems, such as uncertainties on
motion models and parameters. Then, some parameter identifications techniques [57] are
needed to obtain the motion model. Moreover, a challenging issue is considering noise and
errors in predictions. In this case, studies usually apply Kalman Filter and its variations (e.g.,
extended KF) in trajectory prediction with a relatively simple model, e.g., “simple car” model
[38].

Prediction of the TS’s trajectory

Since the information of the TS is insufficient for the OS, e.g., parameters of motion model,
inputs to the system, etc., the prediction of the TS is more challenging than that of the OS. Due
to these uncertainties, researchers usually prefer to use simple models, such as the holonomic
model and kinematic model [53]. The simplest way to predict the trajectory of the TS is based
on assumptions that the TS keeps its velocity and environmental disturbance is neglect. It is
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widely used but less accurate for collision avoidance. A more reasonable approach is
considering the uncertainties of models, controls, and disturbance. The methods to predict the
trajectory of the TS can be categorized into three modes according to the knowledge of the TS.

Mode 1: Physics-based methods predict the motion of the ship only depending on the laws of
physics, while the existing studies either ignore the control inputs or treat the maneuvers as
white noise. Kalman Filter (KF) is a preferred technique used to consider these noises and give
the best guess of the ship’s trajectory in many studies. Together with the KF, holonomic models
[58] or kinematic models (e.g., “simple car” model [59]) are employed. To handle the
nonlinearities and uncertainties of these motion models, the variations of the KF are used, e.g.,
extended KF [38], Particle Filter, Interacting-Multiple-Model Kalman filter, probabilistic filter
[25], etc. Although these methods can predict the trajectory of the ship in a short period, they
cannot predict the changes in trajectory due to the changes of maneuvers [60].

Mode 2: Manoeuvre-based methods take the maneuvers of the ship into account, i.e.,
navigational intention, which is learned/estimated from historical traffic data or by the protocols
for ship encounter situations, e.g., navigational regulations. Algorithms learn the behavioral
patterns of ships in a certain area from massive traffic data and then use these patterns to support
the prediction [61]. Some popular learning models are neural network [62], Gaussian process
[63], Hidden Markov Model [64], etc. More details of these models are addressed in [19].

Mode 3: Interaction-aware methods consider the interactions between ships in prediction.
Specifically, communications between ships are usually included. . The OS would broadcast
[47], exchange, or negotiate their maneuver intentions (e.g., intended course [65-67]) or the
planned trajectory [68, 69] with the TS. When the ship shares its planned trajectory that is
estimated by the ship itself, the predicted trajectory would be more accurate than that predicted
by other ships since the ship has a better knowledge about its dynamics and intentions. When
the ship only shares its intention instead of its trajectory, the other ship still can reduce the
uncertainties in prediction. In return, the predicted trajectories would still be better than those
predicted by other methods.

Target

Target Ship

Ship

1. Physics-based

Prediction
f | Own
J. Own ! Ship
Ship
2. Manoeuvre- 3. Interaction-aware
based Prediction Prediction

Figure 2.3 Illustration of different predictions modes.
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In these three modes, the asymmetry of information is eliminated gradually. An illustration of
different prediction methods is shown in Figure 2.3. The physics-based prediction provides the
trajectory according to its historical data only. Since the TS is sailing to the southeast with
constant speed and course, the physics-based method suggests that the TS would continue this
movement in the future. The manoeuver-based method, however, first recognizes the pattern of
the TS, e.g., the give-way intention, and predicts that the TS would perform a starboard turn
according to navigational regulations, i.e., COLREGs. Then, the trajectory is predicted based
on the recognized pattern. Different from previous methods, the Interaction-aware method
requires the exchange of information among ships, e.g., the OS and the TS broadcast their
predicted trajectories. Thus, the predicted trajectory is provided by each ship itself.

2.3.3 Summary of motion prediction techniques

In previous review papers, researchers concluded that the studies of collision avoidance are
suffering from ignoring dynamics of the OS and the TS, semi-dynamic obstacles moving with
constant speed and course, and no environmental disturbance [9, 13]. The physical-based
method is widely used in those studies. In recent years, many researchers engaged in
overcoming these drawbacks. Some achievements are listed as follows:

Firstly, researchers have applied various non-holonomic models in the prediction of the OS’s
trajectory, such as kinematic models, dynamics models, and simplified dynamics models. Given
control inputs, the trajectory of the OS is usually calculated by the Runge-Kutta method. In
some studies, environmental disturbances are considered, where the distribution of disturbance
is assumed to be known, e.g., [50]. Then, the predicted trajectory of the OS is bounded in a tube
or a funnel.

Secondly, the developments of the prediction of the TS are currently towards the usages of the
maneuver-based methods and interaction-aware methods that are capable to incorporate more
information in the prediction. Manoeuver-based methods estimate the steering intentions first
and then predict the trajectory, e.g., [70]. However, the errors of the estimated intention could
not be completely eliminated by existing methods, and collision avoidance is sensitive to these
errors. For instance, when two ships encounter in a close range, any misestimation would result
in a collision. Therefore, some researchers preferred to use the interaction-aware method to
predict the TS’s trajectory, which allows cooperation among ships. A simple way is exchanging
their intentions among ships, such as intended course [65] or turning points [47]. Alternatively,
each ship can broadcast its own predictive trajectory, such as [49, 56], which is more accurate
than the above methods since the ship has better knowledge about its own dynamics. However,
in this way, communication burdens are increased.

By these new changes, many collision avoidance techniques do not hold the assumption that
the TS sails with constant speed and heading, see more in Section 2.5. However, some problems
remain, e.g., the uncertainty of the motion model, limited knowledge about environmental
disturbance acting on the ship, performance of communications, etc. These uncertainties should
be analyzed and bounded for the subsequent collision avoidance, where more studies are
needed.
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2.4 Conflict detection

Conflict detection involves following sub-problems: who have conflicts with the OS, whether
and when evasive actions should be taken by human or machine. These questions are strongly
related to collision risk. For instance, a target ship which has a high likelihood to strike the OS
is a potential danger. When the risk is higher than a predefined threshold, a collision alert is
launched for reminding the OS for precaution. Before the risk reaches its upper bound that the
collision becomes unavoidable, the evasive action should be taken.

Measuring the true collision risk during an encounter, however, is a challenging work due to
uncertainties. These uncertainties include but are not limited to: the intentions of the TSs, the
performance of machines (the OS and the TSs), the environmental conditions, etc. Since there
are lack of knowledge of all these parameters during encounters, estimating the collision risk
considering all the uncertainties is difficult.

To deal with the uncertainties in risk measures, two lines of thinking are widely accepted,
namely “expert-based methods” and “model-based methods”. One group of studies directly
utilizes experienced experts to assess collision risk who work with those uncertainties in
practice. The measured risk reflects the belief of experts about a possible collision event. The
second group of methods assesses the probability of a collision event based on a simplified
model that describes the physical process of collision. Consequently, the measured risk is a
conditional probability of collision.

The measurements of collision risk serve for conflict detection in following ways: identify
potential collisions for the OOWs [71, 72]; launch an alarm for taking evasive actions [51];
trigger the autonomous system to find evasive actions [73]; evaluate the risk of alternative paths
or evasive actions [59, 74].

In the following sections, the existing measures of collision risk are divided into two main
categories, namely expert-based methods and model-based methods, followed by an overview
of these two categories. Besides, the issues how do existing methods serve for conflict detection
and how do they perform in manned ships and unmanned ship are discussed. In the end, a
summary is given.

2.4.1 Expert-based methods
Collision Risk Index (CRI)

One category of methods set off a collision alarm based on a numerical value called Collision
Risk Index (CRI). A popular way is combining several indicators into one number, i.e., CRIL.
The selected indicators, models, and thresholds are usually depending on experts’ knowledge.
A collision alarm is launched when the CRI violates a pre-set threshold. The construction of
this index is strongly tied to experts, e.g., captains, pilots, etc. Thus, the meaning of collision
alarm usually can be interpreted as the situation when most of the experts believe the ship is in
danger now.
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Table 2.2 Overview of Collision Risk Index methods

Formulations Brief descriptions Ref.
DCPA and TCPA are combined in a
CRI, =w, f (DCPA)+w, f (TCPA) lincar equation [75-77]
CRI :Ziw"f" (R]") DCPA, TCPA, and other factors are [18,71, 78-
? W combined in a linear equation. 83]

used. The Euclidean distance as a [84, 85]
d T

2 2 2 % DCPA, TCPA, and relative distance are
DCPA TCPA d;
CRIL, =|w, +w, +wy | —
s s measure of collision risk.

DCPA, TCPA, angles, and frequency of

CRI, = n,am,e’TCPA”Oe_‘DCPA‘ “F, e collision  event are  combined (85, 86]
nonlinearly.
CRI, = cos(vu.,d.. ) _ vy The qngle between v;; anq dj is used to (87, 88]
||d i ||||V,-, || describe the trend of relative movement.
CRI, =kd v, (msin(Hi. ) +n sin(2¢9l.. )) Vi, dy, and encounter ar}gle are combined (89, 90]
v v v using supervised learning methods.
Other forms (risk table) Using a risk table to determine CRI. [91-93]

A number of CRI methods have been proposed and a brief summary is presented in Table 2.2.
In these risk measures, two popular indicators are Distance at Closest Point of Approach
(DCPA) and Time to CPA (TCPA).

One group of studies synthesized two CPA indicators into a CRI with the help of fuzzy theory
[76] or Probit model [18], noted as CRI1. Some studies considered more Risk Indicators (RIs),
e.g., relative distance [78], relative bearing [79], a variation of relative bearing [80], the ratio
of speeds [81], ship domain [82], etc. Correspondingly, more techniques are employed to gain
knowledge from experts, e.g., multilayer perceptron [82], evidential reasoning [79], support
vector machine [81], Dempster-Shafer evidence theory [78], etc. A standard form is shown in
table 2.2 and noted as CRI.

Instead of using linear formulations, some researchers proposed to use a nonlinear equation to
calculate the risk. Some of them used a Euclidean norm to describe the collision risk, which is
CRIzin table 2.2 ([84, 85]); some researchers incorporated the collision rate that is the historical
occurance of collisions in certain waters in the risk measure (see CRI4 in Table 2.2, [85]). Rather
than using DCPA and TCPA as Rls, some researchers assigned the relative distance and relative
velocity as fundamental indicators, e.g., CRIs and CRIs. CRIs uses the tendency of relative
motion to assess the risk (e.g., [87, 88]); CRIs selects three key indicators first and determine
the coefficients by parameter identification methods [89, 90].

There is another group of methods which does not use a formula to calculate the risk level but
a pre-set risk table. Given DCPA and TCPA levels, the CRI is determined by searching in the
table that is directly determined by experts, e.g., [91-93].
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Warning Rings by Ship Domain (WR-SD)

Another category of methods usually visualizes collision risk by a set of warning rings
surrounding the OS. When a TS enters/will enter the warning ring of the OS or the OS
enters/will enter that of the TS, an alarm is triggered. The warning ring is usually related to a
concept called “ship domain” that is a region surrounding one ship that the OOW prefers to
keep it clear [94]. Ship domain reflects experts’ belief about the minimum safety region. More
details about ship domain can be found in [95].

Most studies do not directly use ship domain to detect dangers. One reason is that if one ship
used ship domain as the ring of warning, the alarm might be too late for the ship to keep its ship
domain clear [96]. Thus, researchers usually adopt the following three ways to detect dangers
based on ship domain, see Figure 2.4.
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Figure 2.4 Illustration of warning rings by ship domain (WR-SD) methods.

Type I: Trajectory of the ship w.r.t. ship domain (WR-SD1). Collision danger is determined
by comparing ship domain and predicted trajectory. When the predicted trajectory of the TS
crosses the OS’s domain or the predicted trajectory of the OS violates the TS’s domain, a
collision alarm is triggered. When the boundary of the domain is determined and clear, risk is
a binary number (0/1). When the fuzzy boundary is accepted, such as [97, 100], risk is estimated
by the degree of the violation of the domain.
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Type II: Position of the ship w.r.t. ship domain (WR-SD2). Collision alarm is triggered by
comparing the position of the TS with the expanded ship domain of the OS, see [101]. The
expanded domain contains various contour lines showing various risk levels. Collision risk of
the TS is determined by the position of the TS in the contour map.

Type III: Overlapping of ship domain (WR-SD3). Collision alarm occurs when the ship
domain of the OS and the TS are overlapping [102] or/and satisfying certain conditions [72].
The risk level is estimated by the overlapping of the ship domains.

The similarities of the three types of studies are: (1) these studies are all relying on the
determination of ship domain; (2) they are visualized in a map for the OOW to understand the
risk level; (3) the boundary of ship domain is modified to represent different risk levels, where
experts’ knowledge is usually employed.

2.4.2 Model-based methods

Instead of using experts, the other category assesses collision risk based on a given scenario in
which the uncertainties are known or eliminated. In return, the risk measure can address some
truths of given scenarios to the OOW/ASV. These truths refer to collision happen/not happen
or the conditional probability of collision in given scenarios. The violation of risk threshold
means “provided the scenario is true, the probability of collision is unacceptably high”.

Binary collision criteria

Binary collision criteria usually offer a deterministic result to users about collision event, i.e.,
happen/not happen, based on a given scenario. CPA is a popular criterion, which is based on
the scenario that the TS keeps its velocity constantly, and the shape of the ships is seen as a
circle. In this scenario, if the Distance at CPA is smaller than the sum of two ships’ radius and
Time to CPA is positive, the collision is going to happen; otherwise, it not. Although this
scenario is highly unrealistic, it is widely used for manned- and unmanned ships [59]. Besides,
it is also an important RI in CRI measures [91] (see Section 2.4.1).

Probability of collision (Pcon)

Since the process of collision is not deterministic, it is natural to use probability to describe the
collision risk. In particular, many uncertainties might influence the result of dangerous
encounters, e.g., sensors errors, environmental disturbances, reactions of the TS, errors in
prediction, etc. However, considering all of these uncertainties is challenging, especially
because some of them are difficult to estimate. Alternatively, researchers only consider one/part
of uncertainties of which the probability distributions are known. Hence, the probability of
collision with given uncertainties can be calculated. In [59], Monte-Carlo simulation is
employed to assess the probability. In [103], a concept of probability flow is employed to
calculate the probability of collision which can save some computational time, which is fast
and approaches to the result obtained by Monte-Carlo simulations, see Figure 2.5. The
uncertainties considered in these studies mainly come from sensors and environment
disturbance [59, 103]. However, how to set a threshold to launch collision alarm is not
mentioned.
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Figure 2.5 Illustration of collision probability (Pcoir) method (from [103]).

Dangerous Region (DR)

One group of methods aims at collecting a set of the OS’s speed or course leading to collisions
with the TS and presenting this set in the map to the OOW. A collision alarm is triggered when
the current velocity of the OS is inside of this set. Since the set is presented in velocity space,
this group of studies is named as DR in Velocity-space (DR-Vspace). Researchers have given
various names to this kind of techniques, e.g., Collision Threat Parameter Area (CTPA) [31],
Collision Danger Sector (CDS) [32], Velocity Obstacle (VO) set [104], etc. In early age, to
construct the CTPA/CDS set, the researchers adopt some strict assumptions, e.g., the TS keeps
a constant speed and course, and the TS and the OS are shaped as circles, etc. [31, 32]. Recently,
researchers released some of these assumptions and expanded its applications in maritime
practice. For instance, in [33], ship domain is introduced. An illustration is shown in Figure
2.6(1).

The other group of studies directly presents a dangerous area leading to the OS strike one TS
in the electronic navigational char which is also named as the workspace of the ship. The
dangerous area is usually placed at the closest point (e.g., CPA). A collision alert is launched
when the current velocity of the OS might lead to OS violating this area. Since these methods
use workspace instead of velocity space, this group of studies is named as DR in work-space
(DR-Wspace). One representative method is called Predicted Area of Dangers (PAD) [105] or
Projected Obstacle Area (POA) [106]. Other used concepts include Obstacle Zone by Target
(OZT) whose size and position are determined by a joint probability distribution [107, 108],
Fuzzy Collision Danger Domain (FCDD) that considers multiple factors to determine its size
[109], etc. See Figure 2.6 (2).
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Action Lines (ActLines)

Another group of studies focuses on identifying an action line surrounding the OS in the
workspace. This line indicates the last chance for the OS to avoid collision by a fixed evasive
action, e.g., a hard-port turn, etc. This concept is similar to the above-mentioned arena in
Section 2.4.1. However, the determination of the action line depends on simulations rather than
the experts’ judgment. These studies presume that the TS keeps its initial speed and the OS
takes a fixed evasive action, e.g., a hard-port turn. By multiple simulations, a set of initial
positions of the TS that the OS cannot avoid collision with via the fixed action is found, i.e.,
action line [51] or critical distance [110]. A similar idea is presented in [111], in which the line
is named as the last line of defense. Recently, researchers also presume the OS is the stand-on
ship and investigated the action line. In [112], the maneuvers of both ships are considered. By
repeating the simulations with different fixed evasive actions, a series of action lines are
obtained, which can be used for collision alarm. An illustration is shown in Figure 2.6 (3).
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Figure 2.6 Illustration of dangerous region (DR) methods.

2.4.3 Overview of existing measures of collision risk

In this section, six groups of methods have been identified, which are CRI methods, WR-SD
methods, CPA method, Pcont methods, DR-Vspace methods, and ActLines. These methods are
categorized into two big categories, namely expert-based methods and model-based methods.

Expert-based methods consider uncertainties by employing experienced experts. The estimated
risk presents a general belief of a group of experts, which reflects the probability of the collision.
The outputs (risk levels) represent a general judgment of participant experts, that allows the
OOWs or VTS Operators (VTSOs) obtain the experts’ situational awareness [71]. In practice,
this group of methods is usually served as a tool that helps the human to identify the potential
dangers that are believed to be dangerous by experts, e.g., CRI methods; or reminds the human
to pay special attention to dangers that are believed to be/will be too close to the OS, e.g., WR-
SD methods. These measures can easily incorporate the regulations [85, 91] by following
modes: considering a rule-compliant ship domain [82], assigning different weights for different
encounter types [71], using different measures for different encounter types [113], etc.

6 The red/blue/green/black curse is the action line that when the TS’s speed is 16/12/8/4 knots, respectively.
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However, these methods share two drawbacks: (1) elimination of biases from experts are
challenging; (2) the risk only reflects the belief of experts rather than the physical process of
the specific collision, e.g., collision is going to happen or not. In general, these methods are
popular in academia, which transfers human’s experience and judgments in the risk measure
and meets demands from different users (e.g., the OOWs and the VTSOs).

Model-based methods eliminate the uncertainty by simplifying a real encounter into an ideal
scenario considering no uncertainty or parts of uncertainties. The measured risk presents the
collision risk of a simplified scenario, which is a conditional probability of collision. This type
of research might not give the OOW a real probability of collision but some facts about the
scenarios, which is also helpful in collision avoidance. One main advantage of these methods
is delivering users a clear conclusion that is easy for them to use. Three common drawbacks
also obvious: (1) a simplified scenario cannot reflect the real environment that the OS faces;
(2) it is impossible to enumerate all scenarios; (3) it is difficult to meet various demands of
different users, e.g., some people are more sensitive to dangers and require a lower threshold
of risk, whereas, others are risk takers and need a higher threshold. Although these methods are
ideal, they help the OOW to know some facts about encounters, which is also helpful in
collision avoidance. Today, some of this type of methods have been widely used in practice, in
the development of ASV [79], and in some expert-based methods [114], etc.

Two representations of collision risk are found, i.e., digital form and graphical form. The digital
form of risk is convenient for users to compare the risk in different cases. Specifically, users
can rank the approaching obstacles by their risk levels and identify the most dangerous one.
These methods include: CRI methods, CPA method, and Pcoll. On the other hand, the graphical
form only categorizes the TS into various groups, while the TSs in the same group are not
comparable. The graphics-based form also has its advantage which is more intuitive for users
[95], and the graphical risk is easily integrated into the maps to support users to be aware of the
surrounding situation [34, 104]. These methods include: Warning Ring methods, DR methods,
and Action Lines.

2.4.4 Discussion on collision risk measures
Discussion on gaps in existing risk measures for conflict detection

Conflict detection contains three key sub-questions:
SQ1: who (or which ship) will strike the OS in this situation? (Collision candidates)
SQ2: when does the OS need to pay attention to the dangers? (Collision alert)
SQ3: when does the OS need to (has to) take evasive actions? (Time for evasive actions)

Traditionally, the CPA method has been seen as the solutions to all these SQs, and it has been
integrated into ARPA for supporting collision avoidance. The logic of using CPA methods in
conflict detection is addressed as follows:

Al: the ship whose DCPA is smaller than safety distance is the TS would strike the OS;

A2: as long as the TS might strike the OS, the collision alert is triggered;

A3: when the alert is triggered, the OS needs to take evasive actions.

The traditional way, however, might lead to frequent alerts in dense waters and the OOWs
usually turn it off [107, 115]. In the dense region, the ship easily has a conflict with the OS and
not all the conflicts require the OOW to pay special attention or immediately take evasive
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actions. Many factors need to be considered, e.g., time to collision, the obligations of the
regulation (COLREGS), the OS’s maneuverability, etc.

The expert-based methods are proposed to handle these issues and focus on SQ2 that triggers
collision alert according to experts expectations. Since the DCPA and TCPA have been widely
accepted to the judgment of potential conflict, they subsequently become the most popular
indicators in CRI methods [114]. At the meantime, the development of ship domain also
inspired a group of researchers to present the collision risk as warning ring instead of a digital
number, which is more intuitive for the users.

The experts-based methods, however, might not be suitable for SQ3. SQ3 is related to solving
collision by the OS, while most of the experts-based methods do not consider the ability of the
ship solving the conflict, i.e., independent of conflict resolution. As a result, the violation of
thresholds of CRI methods or WR-SD methods does not indicate whether the collision is
avoidable or not.

Table 2.3 Overview of collision risk measures in existing studies
Main Purpose  Multi

Name Type Form Method Meaning of Violations 3 CS) 3 en'co
1 2 3 unter
CRI Expert  Dig. Synthetic indicators ~ Experts believe this TS is v N - P
Based R* dangerous for the OS and needs
special attention.
Warning Expert Gra. Expanding of ship FSD: experts believe this TS NN - P
Ring Based [R"]  domain will get too close to the OS, thus
this TS is dangerous for the OS.
SDR/Arena: experts believe this ¥V - P
TS is too close to the OS and
needs special attention.
CPA Model  Dig.  Closest position This TS will strike the OS iftwo v - - P
Based 0/1 given scenario ships keep their velocity.
Peon Model  Dig.  Probability with This TS probably will strike the N oo - P
Based 0~1  known distribution  OS given uncertainties.
DR Model  Gra. Visualizing dangers The OS will strike with one of v - - M
Based 0/1 present a risk map TSs if the OS keeps its velocity
in terms of velocity. and all the TSs keep their
(equivalent to velocity.
DCPA)
Action Model  Gra.  Simulation of This TS will strike the OS if the - - A P
Lines Based 0/1 encounter with pre-  OS takes a certain action or the
set actions of the OS cannot avoid collision with
(0N this TS by the certain action.

Notes CRI: Collision Risk Index; DR: Dangerous Region; P.oi: Collision Probability. Dig.: digital form; Gra.:
graphical form. R*: positive real number; [R*]: positive real number in a range, i.e., 0~1; “0/1”: 0 or 1; “0~1": 0 to
1. FSD: Fuzzy Ship Domain; SDR: Spatial Danger Region. “”” means the method is suitable for solving the sub-
question; “-” means the method is not suitable for the sub-question. P: Pairwise-based method; M: Multiple-based
method.
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In the above methods, two model-based methods consider evasive actions in risk measures,
namely DR methods and ActLines methods. However, DR methods are usually used to identify
the collision candidates (SQ1) and solve the conflict, which is not used to estimate the collision
risk for taking evasive actions; Actions Lines are developed to find the last moment in time to
take actions, but they are limited to two ships encounter case.

Additionally, most risk measures presented in this section are based on a pairwise encounter
scenario. They treat multiple encounters as multiple pair-wise encounters [71] (see Table 2.3).
Each measurement of collision risk indicates the threats from one TS to the OS and temporarily
ignores the influence of other TSs. The entire risk level of the OS encountering all TSs together
is usually out of consideration, while it is crucial for solving SQ3.

SQ3 requires a risk indicator to show the safety level of the ship, which needs to be related to
conflict resolution and to handle the multiple-ship encounter. However, the existing measures
cannot fulfill these demands.

Discussion on conflict detection in the manned-ship and unmanned-ship studies

In many ASV-related studies, CPA method is widely used in conflict detection module due to
its simple form and high acceptance in practice, e.g., [59, 106]. However, the CPA method
might not sufficient for developing a reliable conflict detection module. Firstly, the CPA
method is unreliable due to its limitations which mainly due to its strict assumption on the TS’s
movement (see, [71, 104]). Secondly, using CPA alone in conflict detection is not enough for
detecting dangers in various scenarios and multiple indicators are needed. Some developments
in expert-based methods can offer a better alternative for the ASVs. Thirdly, to incorporate the
navigational regulations in conflict detection, experts’ knowledge is necessary to be introduced.
The regulations are general and designed for the human. Thus, teaching the ASV to assess
collision danger incorporating with regulation, the role of human cannot be ignored. From this
perspective, experts’ knowledge is necessary to be introduced but still needs more studies in
the future [113]. Many expert-based methods considering the COLREGs [91] might also be
applied in the unmanned ship for developing a rule-compliant ASV.

In the manned ships, conflict detection is mainly servicing as reminders for the OOWs, which
needs to be adapted to human’s performance. For example, the navigators who are risk taker
might accept some risky scenarios, while others might see these scenarios as dangers. Thus, the
expert-based methods are widely presented in studies for supporting the manned ship and Fuzzy
methods are popular in this type of studies. However, this type of collision criteria cannot
express more details about the collision process. It cannot give an explicit judgment about
collision happening or not to users. Thus, model-based methods are still popular. Particularly,
the model-based methods trying to find the last moment for preventing collisions become a new
trend in recent years. Nevertheless, it is worthy to be aware that many model-based methods
assuming deterministic system simplified the problem. The real system is a stochastic dynamic
system, which contains various stochastic processes (such as weather conditions, etc.) [116].
Thus, it is necessary to incorporate the stochastic process in model-based methods in the future.

To summarize, expert-based methods can offer customized services for different navigators
which can meet users’ preference, and model-based methods usually addresses some relative
objective fact which shows the hard boundary of safety and danger. These two types of methods
can be combined to offer a better service to manned and unmanned ships.



28 Supporting Human-Machine Interaction in Ship Collision Avoidance Systems

2.4.5 Summary of conflict detection techniques

Conflict detection module mainly answers three sub-questions: SQ1, who will strike the OS;
SQ2, when the OOW needs to pay much attention; and SQ3, when it is the time for applying
evasive action. The techniques for conflict detection are collected in two main categories with
six groups. CRI methods and WR-SD methods belong to expert-based methods; CPA, Pecoll,
DR-Vspace, DR-Wspace, and ActLines are model-based methods.

These methods serve conflict detections with different focuses. The CPA methods are popular
in finding the potential dangers both in manned and unmanned ships, but it is not good at solving
SQ2 and SQ3, especially, it easily results in frequent alarms. The expert-based methods, thus,
are introduced to handle this problem, which is suitable for SQ1 and SQ2, but not for SQ3. In
particular, the violation of a risk threshold provides limited information about whether the
collision is avoidable since the ability of the OS avoiding the collision is neglect in the most
expert-based methods. Two methods incorporate the OS’s evasive actions. However, they are
not suitable for triggering evasive action in multiple-encounter scenarios, which is a common
shortcoming of the existing risk measures. In brief, the determination of time for taking evasive
action is still an open question, which not only needs to incorporate the evasive actions of the
OS but also suitable for multi-encounter scenarios.

For improving conflict detection in manned ships, a combination of expert-based methods and
model-based methods would be suggested. The expert-based can offer customized services for
different navigators which can meet users’ preference, whereas the model-based method
usually addresses some relative objective fact that shows the hard boundary of safety. These
two methods can be combined to offer a better service to manned and unmanned ships.

Conflict detection for unmanned ships usually employs CPA based methods, but many manned-
ship studies revealed the limitations of using CPA in conflict detection. To handle the
shortcoming of using CPA methods and to consider COLREGs in conflict detection, some
navigational assistance methods from manned-ship studies can offer some cues, specifically
incorporating expert-based methods in the conflict detection module.

2.5 Conflict resolution

Conflict resolution is a core of collision prevention, which determines collision-free solutions.
Many methods have been develop. However, most of them are similar, even though these
methods appear to be quite disparate [117]. In this section, similar methods are collected in the
same groups, and six groups of ship collision avoidance techniques are identified. They are
(1) Rule-based method uses “If-then” rules to guide the collision avoidance process;
(2) Virtual vector method generates a virtual vector field to guide the ships;
(3) Discretization of controls with collision check method searches a collision-free solution
or an optimal solution in discrete control space.
(4) Continuous controls with collision constraints method find the optimal solution in
continuous space with collision constraints;
(5) Re-planning method formulates the collision avoidance as a path planning problem and
searches collision-free path in free configuration space;
(6) Hybrid method combines some of the previous methods in collision avoidance.
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The details of these algorithms and their applications are presented, followed by an overview
of these methods with their advantages and disadvantages. Then, the developments of collision
avoidance algorithms and their performance in manned and unmanned ships are discussed, and
the findings of these discussions are concluded at the end.

2.5.1 Main algorithms

Some terminologies used in the description of these algorithms are addressed here. The
workspace of the ship is the horizontal plane consisting of positions. Configuration space (C-
space) contains all the possible configurations of the ship. In this book, the ship’s configurations
refer to the position and the orientation. Additionally, the C-space of the OS consists of
collision-free configurations (Cee) and obstacle configurations (Coss) that results in collisions.

Rule-based Method

Rule-based methods use a set of pre-set rules to guide collision avoidance. For example, when
a ship encounters with other ships, the ship will turn 75 degrees (or 30 degrees) to the starboard
side (right-hand side) [118, 119] or enlarge rudder angle until the trajectory is collision-free
[48].

Obviously, a single rule cannot handle all kinds of encounters in a dynamic environment. Thus,
multiple rules are considered. A widely used way is incorporating “International Regulations
for Preventing Collisions at Sea” (COLREGSs) and good seamanship in a rule system that is also
known as experts’ system. This system is expected to suggest rule-compliant actions for the OS
in various scenarios, which is usually based on Neural networks [120], Fuzzy logic, or Bayesian
network [121]. Since the enumeration of rules for all scenarios is impossible, this method does
not guarantee a collision-free solution. If a case is not studied in advance, this method might
not find out a proper solution, which is one limitation of these methods.

Virtual vector field Method

Virtual vector method generates a virtual field to guide the OS’s motion. Two specific
algorithms are found: Artificial Potential Field (APF) and Limited Cycle Method (LCM).
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(1) Artificial Potential Field (APF) (2) Limited Cycle Method (LCM)
Figure 2.7 Illustration of virtual vector field Methods (1) APF and (2) LCM.
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APF [122] (or virtual force field [123]) generates a repulsive potential field around the obstacles
and an attractive potential at the destination. The sum of these potential fields determines the
resultant virtual force to guide the motion of the vehicle, see Figure 2.7 (1). This algorithm does
not directly provide a collision-free path but a direction of motion, which was not designed for
a dynamic environment at the beginning. To avoid collisions in a dynamic environment,
researchers improved this basic algorithm by considering two factors: the velocity of obstacles
and the maximal deceleration of the vehicle [124]. Specifically, the repulsive potential of the
obstacle is enlarged by considering these factors. This technique was also applied in ship
collision avoidance, see [125, 126]. One main disadvantage of this method is that the ship might
be trapped in a local minimum and stop at the local minimum. The conditions leading to local
minima are concluded in [127]. Additionally, the dynamics of ships are not fully taken into
account, where the ship is assumed to be holonomic.

LCM uses a stable limit cycle for motion planning. The stable limit cycle has a feature that all
the neighboring points are attracted to the cycle. Researchers place the center of the limit cycle
at the center of the obstacle, which encompasses the whole obstacle. A series of trajectories
converging to the cycle is generated. Then, the OS follows one of these trajectories until the
destination is clear, see Figure 2.7 (2). The ellipse and circle-shaped cycles are used in [42, 128]
and its application of ship motion planning in rough sea conditions is presented in[129].
However, this algorithm usually requires that the obstacles are relatively static, or that the speed
of the OS is much higher than the obstacles; and it only avoids one obstacle at a time. These
limitations might lead to problems when the OS encounters multiple obstacles, or an obstacle’s
speed is higher than or equal to the OS.

Resolution search in discretizing control-space with collision check

Another group of methods discretize the control space of the ship and eliminate the dangerous
controls by a collision check. Then, a collision-free solution is chosen from the rest of the
control space. These studies assume that the motion model of the OS is known, and the
environmental disturbance is temporarily neglected. Then, given one control and its duration
time, the trajectory of the OS is deterministic, and the collision check is possible. These types
of methods discretize the control space first, and then different algorithms differ in duration
time of the control, see Table 2.4.

Table 2.4 Overview of three groups of methods using discretization of control space

Name of methods Controls  Duration Illustration Ref.
Decision Disc (DD) (I,V,u) [0,00) — [‘;‘20321373
Dynamic Window (DW) (u,r) [0, t /] [132, 133]
gig;ete inputs Optimization (W,;l) or [ 0, tf] ,_, ; (74, 134]
Lattice-based Search (LBS) (w,u) {0, L---Jf} HH_‘ [59, 135]

Brute-force search (BFS) 4 {0, L.,z f} ﬁ ; [47]
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(1) Each control keeps constant in the future

Decision Disc (DD) approach chooses course and speed as controls to the ship and presents the
control space as a disc. The control input is assumed to be invariant in the future. Thus, each
control has a unique trajectory. If this trajectory is collision-free, the control is reserved;
otherwise, the control is rejected. Then, the collision-free controls are directly presented to the
officers [30], or an optimal solution is chosen from those collision-free controls by optimization
[29]. In this process, DCPA is usually employed for the collision check. This method has
different names in different studies, e.g., Collision Threat Parameter Area (CTPA), Collision
Danger Sector (CDS), etc. [31, 32]. When being used in practice, this method is also
incorporated with ship domain [131], restricted waterways, worse environmental scenarios
[130], etc. A similar technique is also applied in an ASV [73], where the irregular shape of the
obstacles, sensing errors, and the COLREGs are considered. The main disadvantage of these
studies is neglecting the kinematic and dynamic constraints of the OS, which might lead the
method to fail to avoid collisions in close range encounters.
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Figure 2.8 Illustration of Decision Discs (DD) from different studies.

" Color in this disc refers to DCPA. Thus, the smaller DCPA (in blue) is danger and the larger DCPA (in red) is safer.
8 Color represents the danger level that is related with smallest distance between ships. Red is danger and blue is safety.
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(2) Each control keeps constant in a given time window

Dynamic Window approach (DW) [138] chooses velocity tuples (u, I”) as control inputs (u is

linear velocity, and r is angular velocity) and presumes the chosen control is fixed in a given
time step. The construction of the dynamic window includes two steps: firstly, all the tuples
that the OS can reach in given time step are selected as an initial dynamic window (V4 in Figure
2.9), in which velocity and acceleration constraints are considered; secondly, the initial dynamic
window is reduced by keeping those tuples that ensure the vehicle can stop before hitting with
obstacles (i.e., Va). The remaining tuples contain all admissible velocities, which constitutes
the dynamic window (i.e., V). The optimal collision-free velocity tuple is searched in this
dynamic window. The limitations of original DW include: susceptible to local minimum,
assumption on circular arcs path, frozen environment during decision time step, etc. [139] Some
improved algorithms solve parts of these problems: [140] incorporated connectivity of free
space to avoid local minimum; [141] extended DW to deal with moving obstacles; [132]
demonstrated DW with non-circular paths and applied the method in ASVs; [133] modified the
original DW considering the dynamic of ASVs. However, either the original DW or the
variations hold an assumption that the static state is always a safe state for the vehicle, which
might not be held in practice, especially when a ship is crossing a busy traffic intersection.
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Figure 2.9 Illustration of Dynamic Window (DW) method (from [138]).

Discrete-Inputs Optimization (DIO) uses a group of control candidates as representatives of the
whole control space and find a collision-free solution by optimization, which cuts down the
computational burden. To avoid the obstacles, the cost function assigns a high cost to the
trajectory close to the obstacle. The ship obtains an optimal control and the corresponding
trajectory by minimizing the cost function [142]. An example of this method is shown in [74]
where Model Predictive Control (MPC) with soft collision avoidance constraints in the
objective function is used. In some article, this group of methods is called sampling-based MPC
[143]. Instead of applying this optimal trajectory, MPC applies the optimal control at the first
stage and update the optimization to obtain a new optimal solution/trajectory. More examples
see [134, 144]. For these methods, how to balance the optimality and computational time is a
challenging topic.
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(3) Control changes at each time step

Lattice-Based Search (LLGS) method allows control input to change at each time step [145,
146]. Since this type of algorithms is time-consuming, researchers usually search some
representative candidates rather than the whole control space in each step. In a time step, these
control candidates will generate a graph that consists of the trajectories of the OS with different
controls. This graph can be reused to generate all the paths of the OS in the next time step,
which saves the computational time. In return, a lattice-based graph is obtained, see Figure 2.10.
By searching this graph, a collision-free trajectory and the corresponding control in each time
step are obtained. Paper [59] and [135] applied this method in ship collision avoidance. The

control input is defined as a vector (ud,l//d) where U; and ¥/, are desired surge speed and

course of the ship. Ship dynamics are considered to generate the graph in their research. The
main disadvantage is that searching all the branches in the graph are computationally expensive,
which might not be used for real-time collision avoidance. To reduce the computation, [59]
considered a small discrete control-space with 30 controls and employed risk assessment to
assign a priority search direction in the graph.
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Figure 2.10 Illustration of lattice-based graph (from [146]).

Brute-Force Search (BFS) method is also one of the options. Controls-space and time horizon
are discretized into cells. Each cell contains a combination of controls and its duration time.
Correspondingly, a path of the vehicle can be generated, in which constraints on kinematic and
dynamic can be considered. A collision check is used to abandon or keep the cell. Since the
computational complexity is a big issue, especially for online decision making, some
modifications are needed. For example, in [47], only one input is considered (i.e., desired
course) and the course and time horizon are searched in the range [30° , 60° ] and [180 sec,
900 sec]. The search starts in the time direction and stops when the first collision-free cell is
found. The main drawbacks are that it has high computational complexity, and the solution is
not optimal.

Resolution search in continuous control-space with collision constraints
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Some methods are not relying on the discretization of the control space and find the collision-
free solutions in continuous control space. Two groups of methods are found according to the
order of collision check.

(1) Identify collision-free control space first

This group of methods usually conduct a collision check first and then find an optimal solution
in a collision-free space. Instead of checking each control one by one, these methods use a
polygon/circle to represent an obstacle and then conduct additional operations to formulate a
set of controls leading to collisions. Then, an optimal solution is obtained according to a cost
function in collision-free controls.

Velocity Obstacle (VO) algorithm is one popular algorithm proposed in [147]. A circle is used
to represent an obstacle, and researchers assume the obstacle moves with constant speed and
course. In return, they formulated a set of velocities that lead to the relative velocity point to
the obstacles as a VO set which shapes like a cone, see Figure 2.11 (1). Due to this simple
shape, each VO set can be formulated by three linear constraints [148]. The idea of VO
algorithm has been adopted in maritime research, e.g., [149]. Three key disadvantages of the
original VO algorithm that pointed out by researchers are: (1) the algorithm holds the
assumption that the velocity of obstacle has to be constant in the future; (2) the dynamic
constraints on the OS and the TS are usually out of consideration; (3) the shape of obstacle is
assumed to be regular and convex, e.g., circle, ellipse, etc.

Vision Cone (VC) method is an enlarged collision cone [150] with a buffer angle [151], see
Figure 2.11 (2). The courses are chosen as control inputs to the ship, and two collision-free
courses are identified by the vision cone, which are the boundaries of the cone. The optimal
collision-free course is chosen from two collision-free courses, i.e. vea'" and vea® in Figure 2.11
(2). This algorithm can deal with moving obstacles whose velocity is constant. In [152] and
[153], this idea has been applied in ASVs. In [41] and [154], the authors expanded the algorithm
for the under-actuated unmanned ship. The algorithm guarantees safety, while it only deals with
one obstacle in each time and requires the speed of the obstacle to be smaller than the speed of
the OS.

(1) from [147] (2) from [154]
Figure 2.11 Illustration of (1) VO method and (2) VC method.
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(2) Optimization with Model Predictive Control in discretizing and finite time horizon

Another group of methods usually conduct a collision check and optimization together.
Specifically, the collision check is one hard constraint in the optimization, e.g., x(l‘ ) eC e - A

general form of this optimization is formulated as:

IlleiUnJ(u,x)

stox(k+1)= f(x(k),u(k),k);
x(k)eC,,..Vke{0,1,2,..1,};

free?®
x(0)=x,;
where J is a cost function which depends on the control inputs and state of the system;
f (x,u,t ) is the dynamics of the ship; C,,, is collision-free configuration; X, is the initial state

of the system (the ship).

In this optimal control problem, time is discretized, the dynamics model of the OS is discrete,
and control input at each time step is variable that can be used to optimize the cost function [49,
68]. The constraints of this optimal control problem include kinematic constraints, the dynamics
of the vehicle, collision-free conditions, etc. The solution of this optimization problem is
collision-free solutions for the OS, which is executable and stratifies collision-check. In the
literature, this method is usually combined with a receding horizon scheme. Thus, this group of
methods is named as MPC-based Collision Avoidance (MPC-CA). Paper [49] use a linearized
dynamics model of ASV and a linear function (infinity norm) in collision check, which can
solve the optimization problem efficiently. Some researchers consider the non-linear dynamics
model and nonlinear function of collision-check. Paper [40] used two circles to represent ships
and solve the optimization problem via a direct multiple shooting method. Paper [155] used
circles and ellipses to present the OS and obstacles, respectively, and solve the optimization
problem via a commercial solver. Though these studies show that this problem can be solved
in a reasonable time, the solution is a local minimum due to the nonlinearity and non-convexity
of the problem. Additionally, as time is discretized, a collision-check between time steps is
needed, which is noted as safety verification.

Re-planning method

Instead of searching the collision-free solution in control space, re-planning method searches
solutions in workspace directly. The re-planning is triggered when the collision criteria reach
pre-set thresholds [156]. At each time step, the graph searching method is used to find an
optimal collision-free path, which handles collision avoidance as a path planning problem in
each time step [58]. Various algorithms based on this method have proposed. Two main
differences among the algorithms are the assignment of cost in each cell/node and the
approaches used to search the optimal solution. Some researchers assign a high cost to the cells
surrounding the moving obstacles considering the speed of the obstacle, e.g., [35, 157, 158],
while the other assigns an area surrounding the Projected Obstacle Area (POA) with a high
cost, e.g., [106]. Based on the map of costs, researchers use searching algorithms to find an
optimal path with lower cost, such as Fast Marching Method (FMM) [157], evolutionary
methods [159], ant colony algorithm [160], genetic algorithms [161], and particle swarm
optimization [162].
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Hybrid algorithms

In previous sub-sections, the algorithms in the literature are addressed in detail. In fact, in
maritime practice, researchers usually combine those algorithms to perform collision
avoidance. For instance, the rule-based method is usually combined with other algorithms, such
as VO, DW, DD, etc., to make sure the behavior of the ship compliant with regulations. In [73],
the author used VO algorithm and COLREGs to exclude the velocity resulting collisions and
the velocity violating regulations. In [163], VO algorithm was combined with APF which
services as a global planner. In [125], the rules-based method incorporates with APF for
guiding the unmanned ships.

2.5.2 Overview of conflict resolutions

The details of the comparison between the aforementioned methods are listed in Table 2.5. This
section mainly addresses the general feature of each group of methods.

In general, rule-based methods are simple and easy to conduct. However, these methods cannot
enumerate all the scenarios, especially when encountering with multiple obstacles. For
example, the navigational rules only address the obligations of ships in a two-ship encounter
scenario, while the ship might encounter more than two ships and more complex environmental
conditions.

Virtual vector methods contain APF and LCM, which usually ignore the ship’s dynamics during
motion planning. The APF method might get trapped in a local minimum, which is addressed
in many studies. LCM method only considers one obstacle or one group of obstacles in each
time, and the obstacles need to be stationary or have a relatively low speed. Nevertheless,
researchers found that the LCM method performs well with stationary obstacles in rough seas
[129]. Both APF and LCM only show one solution to the ship, and this solution might not be
optimal.

Discretization inputs with collision check is a big group of methods. These methods could take
ship dynamics into account. Specifically, researchers assume the dynamics of the ship is known
and predict the trajectory of the OS with different inputs. However, the calculation of each
control is time-consuming. To solve this issue, some simplifications are necessary. Some
methods only consider the change of input at the first time step, see DW, DD, etc. These
methods not only offer one optimal collision-free solution but also present a set of unsafe
solutions at the first time step. Others only select several representative inputs and consider
changes in more time steps, such as LGS and BFS. These methods offer one collision-free
solution to the ship from the selected inputs. A common challenge of these algorithms is the
balance between efficiency and effectiveness. A small grid and short time step would benefit a
better solution, but it is time-consuming; A big grid and long step save computational time, but
it might skip the optimal solution. Moreover, the quality of prediction is quite important for
collision check, while only a few of these studies discuss the impacts of uncertainties on these
techniques.
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Table 2.5 Overview of different collision avoidance algorithms

Motion Number

Name Model of TSs Solution form Limitations Ref.
- Single NA Single One solution Simple, but only works in limited cases, e.g., open [48,
o -rule sea and few obstacles. 18]
2
2 .
é Multi
ple- NA Single One solution Simple, but might not figure out all the possible [121]
rule scenarios.
. One solution : s [125,
5 APF NA Multiple Simple, but easy goes to a local minimum, not for
B (course) a dynamic environment, and ignore dynamics. 126]
>
=
g
> LcMm NA Single One‘solutlon Simple, but only works with one high-speed [128,
(trajectory) obstacle and ignore dynamics. 129]
One optimal
Kinematic solution (u,r) and  Popular in robotic, but it is developed for a static [132
DW . Multiple ’ ; ; ; )
/dynamic dangerous environment, besides stop is not always a 133]
solutions collision-free solution.
One optimal [29-32
s DD  holonomic Multiple solution (u,psi)  The assumption on holonomic motion model leads 73, ’
E and dangerous it difficult to generalize. 130]
K] solutions
Q .
2 pio dynamic  Multiple One op.tlmal The balance between efficiency and effectiveness (74,
.‘Qﬂ solution is challenging. 134]
) ) One optimal Considering traffic congestion to reduce the search [59,
LBS dynamic  Multiple solution burden, while computing burden is still a 135]
challenging issue.
BES dynamic  Multiple One solution The process is time-consuming, and the solution is [47]
(course, t) not optimal.
One optimal
. . solution (u, psi)
" Vo holonomic ~ Multiple and dangerous Simple and efficient, but strong assumptions. [149]
2 solutions
=
§ One solution Simple and effective, but each time only can avoid [41,
s VC dynamic Single one obstacle with low speed. 152,
£ (course) 154]
‘g
O
MPC- . . One optimal Local minima and computing time is dependent on  [40, 49,
CA dynamic Multiple solution (forces)  solvers. 155]
) Strongly depend on fresh frequency and velocity
o FMM NA Multiple One. optimal of an obstacle. Might lead to an inevitable [157]
£ solution (path) (o lision state.
=
=
N S ly d d on fresh fi d veloci
0 . trongly depend on fresh frequency and velocity
-4 . 1 . L
POA NA Multiple One(;;)tgl)t ton of an obstacle. Might lead to an inevitable [11(;) 65],

collision state.

NA: means ship dynamics is not directly considered in finding a collision-free solution, but during the implementation of the

solution, the ship dynamics is considered.
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Continuous inputs method is not relying on the discretization of the control inputs. One group
of algorithms collects all the solutions leading to collisions in a set and then conducts
optimization, e.g., VO, VC, etc. The other considers the collision check as one constraint in
optimization and directly solve the optimal solution by solvers, e.g., MPC-CA. The difference
between these algorithms is the form of the solutions. VO algorithm and its variations can
visualize and present the unsafe solutions to users, which can help them to understand the choice
of the optimal solution. Moreover, the ship is required to keep one solution in the whole
prediction horizon. On the contrary, MPC methods directly offer one optimal solution which
allows the ship to change course and speed in the prediction horizon. However, the optimal
solution is calculated by solvers, which is not transparent to users.

Re-planning method follows the idea of path planning, which constructs a cost map firstly and
then searches an optimal path on the map. The method, however, cannot avoid the situation that
a ship violates an inevitable collision state around the dynamic obstacle. An inevitable collision
state is a state (positions) that one ship cannot avoid collision with others no matter what actions
the ship performs. This method usually offers one optimal path for users, but the dynamics of
the ship is ignored.

2.5.3 Discussion on conflict resolutions
Discussion on developments of conflict resolutions in recent years

In recent years, many techniques have been proposed and used to develop ASVs, which
enriches the tools for solving the collision avoidance problem. Correspondingly, some highly
unrealistic and strong assumptions, which were criticized by researchers, have been released.
Some important factors, like environmental disturbance and regulations, are also discussed in
some studies, e.g., [50, 130].

In the beginning, the dynamics of the OS is usually ignored, and the OS is seen as a holonomic
vehicle; besides, the moving obstacles are assumed to be semi-dynamic. Recently, many
algorithms are capable of considering the dynamic constraints, e.g., MPC-CA, DW, etc. In those
methods, the motion model of the OS is known or identified in advance. With the improvements
in prediction techniques (in Section 2.3), many algorithms do not request the moving obstacle
to keep its initial speed and course.

In the previous review articles, researchers argued that environmental disturbance is a critical
factor in collision avoidance, which was less discussed in relevant studies. In recent years, many
studies try to take this factor into account. Two lines of thinking have been followed to handle
the disturbances. One assumes a perfect knowledge about the bound environmental disturbance
and the possible trajectories of the OS can be calculated or bounded in a tube. Then, the solution
that leads to all these possible trajectories/tubes away from the obstacles is the collision-free
solution under environmental disturbance, see [50, 74]. The other one concentrates on the
changes of control space caused by environmental disturbances, e.g., some feasible solution
might not reachable in a harsh environment. Researchers try to figure out all the
unsafe/infeasible solutions due to the harsh conditions, e.g., [130]. Some guidelines of
navigation in adverse weather and sea conditions are used to identify and block dangerous
solutions.
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Another pitfall which has been highlighted in previous research was the lack of consideration
of navigation regulations, e.g., COLREGs. In recent year, researchers introduce part of
navigation rules in collision avoidance, e.g., [73, 74, 121, 126], etc. Some popular rules are
frequently used in finding a rule-compliant collision-free solution, i.e., Rule 6, 8, 13-19 from
COLREGs. These rules address the obligations of ships in two-ship scenarios. It seems that
building a complete regulation-compliant ASV is close. However, the regulation is written for
the human, which makes rules open to some interpretation and difficulty to “translate” in
machine language [113]. Thus, incorporating all the rules from COLREGs and good
seamanship in an autonomous system is still an open question. Quantifying the entire
regulations and good seamanship for the ASV still need more efforts in the future [45, 113]. On
the other hand, modifications of rules and regulations regarding different levels of ASVs need
further investigations, as well.

Discussion on conflict resolutions in manned and unmanned ships

Most of the conflict resolutions are developed for automatic collision avoidance. However, they
have great potential to support the human on board. Some algorithms, such as BFS, LGS, MPC-
CA, etc., can offer a feasible/optimal collision-free solution to the OOWSs directly. Other
algorithms collect dangerous solutions and present them to users, such as DW, VO, DD, etc.
However, these algorithms might not directly apply to manned situations. The reasons are as
follows:

Firstly, collision-free solutions that some algorithms find are not friendly for the OOW. For
instance, MPC-CA offers a series of forces acting on the ship for collision prevention, while
the navigators might not know the effects of these forces and how to steer the ship to generate
such forces.

Secondly, some algorithms might offer a readable solution for human, but they usually use ideal
motion models, e.g., VO, DD, etc. Consequently, collision-free solutions may become unsafe
or unreachable in certain situations. Specifically, when the relative distance is not large enough
to ignore the errors between real dynamics and ideal dynamics, the solutions these methods find
may still lead to collisions [56].

2.5.4 Summary of conflict resolution techniques

Many techniques proposed in recent years enrich the tools for preventing collisions, which are
categorized into six categories. In this section, 14 collision avoidance algorithms have been
introduced in detail.

In many collision avoidance methods, some limitations addressed in previous studies have been
overcome. Firstly, many collision avoidance techniques incorporated the dynamics of the OS
in finding a collision-free solution, which makes the collision-free solutions more feasible in
practice. Secondly, many collision avoidance techniques can handle the TS whose movement
is not constant. Thirdly, the environmental disturbance has been considered in two ways, e.g.,
introducing a tube or eliminating unsafe actions. Fourthly, incorporating some COLREGs rule
for simple encounters (two ship encounter) has been widely seen in many studies.

Most of these emerging techniques are developed for collision avoidance in ASVs, which also
have the potential for collision avoidance in the manned ship, in particular, finding an optimal
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collision-free path, checking collision-free of human’s solutions, etc. However, these
algorithms might not directly apply to manned situations. Firstly, collision-free solutions that
some algorithms find are not friendly for the OOW. Secondly, some algorithms which can offer
a readable solution for human ignore ship dynamics.

2.6 Discussion

2.6.1 Developments of collision avoidance in maritime research

In recent years, many efforts have been put to fill those gaps addressed in Section 2.1.1 and
have led to some changes. This section provides a summary:

— Environmental factors are taken into account in some studies. Specifically, some
researchers incorporate prediction errors in collision avoidance with an assumption that
the uncertainties are bounded; alternatively, some researchers exclude the maneuvers
that are unsafe in harsh environments.

— Rules from COLREGs have been considered in some simple encounter scenarios.
However, more efforts are needed to apply the whole COLREGs rules and good
seamanship in ship collision avoidance, especially in multiple-ship encounters;

— Many algorithms can handle collision avoidance with dynamic obstacles, but the
trajectories of the TSs have to be known or bounded;

— The dynamics of ships have been taken into consideration in many studies.
Nevertheless, these models are usually known and deterministic;

— Efficiency and effectiveness have been considered, while less discussion on the trade-
offs between them in different scenarios.

Together with these changes, the following limitations and challenges in the development of a
new collision avoidance system for ships are highlighted:

(1) Uncertainties of ship motion models are usually ignored.

Most existing studies use deterministic dynamics models in collision avoidance. However,
uncertainties are inevitable. Specifically, these uncertainties mainly come from unmodeled
dynamics, changes of parameters due to different working conditions, uncertainties of external
disturbances, etc. It is observed that many existing studies had discussed the environmental
disturbances, but few of them consider the uncertainties by parameters and unmodeled
dynamics. However, these factors cannot be ignored since the parameters and dynamics would
change when a ship has different working conditions. How to handle these uncertainties is
challenging but essential for developing automatic collision avoidance systems on board.

(2) Developing fully rule-compliant navigation systems is still an open question.

Although many studies have implemented several rules when deciding collision avoidance
actions, the research on the development of a completely rule-compliant system is still blank.
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Firstly, many complicated scenarios in practice might activate multiple rules in COLREGs.
Choosing the most suitable rule is difficult for collision avoidance systems. For instance, in a
multiple-ship scenario, the ship might have two conflict obligations, e.g., “give way” and “stand
on”; the ship might encounter with multiple types of ships (e.g., fishing ship, sailing ships)
which apply different rules.

Secondly, the navigation rules, e.g., COLREGsS, is written for the OOWs in human’s language
[113], which is a guideline without quantifying information for the machine. For instance, the
ship is asked to keep at a safe speed, while the value of safe speed is not addressed in the rules.

In fact, the implementation of COLREGs strongly relies on experts’ knowledge that is also
noted as good seamanship [45]. A few studies focus on incorporating the seamanship in the
navigation system, e.g., [29, 45, 113]. However, more efforts are needed before the navigation
system can completely interpret the whole COLREGs in various scenarios.

(3) Risk measures for taking evasive action in multiple-encounter scenarios are missing.

A measurement of collision risk plays an important role in triggering evasive actions in collision
avoidance, which determines the (last) timing for the ship to prevent a collision. However, few
of the existing risk measures are fully suitable for this purpose.

Firstly, these methods are not applicable for the multiple-encounter scenario that is common in
dense waters, and the measured risk only reflects the danger level of each approaching ship
rather than the danger/safety level of the OS. Thus, in the multiple-encounter scenario, the
existing methods cannot address the risk of collision and the changes on risk when the number
of the TS is changed. Secondly, the existing risk measures neglect the ability of the OS to avoid
collisions, and the risk level is relatively independent of the collision prevention event. That
means the violation of the risk threshold does not indicate that the collision is avoidable or not.

From many investigation reports, “action too late” is a major cause of collisions and a late
action often attribute to a late detection [164]. Proper risk measurment tool is needed, which
not only identifies the potential dangers but also can trigger an alarm before the ship cannot
solve the conflict. Thus, there is a need for incorporating conflict resolutions in risk measures
that also handle multiple-encounter cases.

(4) Discussion on working conditions of collision avoidance methods is lacking.

The existing collision avoidance methods, more or less, are suffering from various problems.
Thus, each method has its working conditions. If the working conditions are matched, the
method can offer collision-free solutions; otherwise, the collision-free solution is not
guaranteed. However, only a few studies discuss their working conditions. The working
conditions include but not limited to the initial distance between ships that one algorithm can
find a collision-free solution, the maximum of computation time that find a collision-free
solution, the errors in solutions, the maximum of tolerance to environmental disturbance, etc.
Further studies are needed to offer a unique criteria system to judge the working conditions of
various algorithms, which is helpful for their application in practice.

(5) Safety verification is often overlooked when proposing a new method.
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Many collision avoidance methods are working properly in designed simulations and case-
based testing, but they lack systematic verifications. For instance, some collision prevention
techniques utilized linearization techniques to simplify the problem, but this inevitably includes
errors. Some algorithms use the discrete trajectories of the TS to check collision at each time,
which does not guarantee the safety of the ship between time slots, e.g., MPC-CA, etc.

Instead of checking a finite set of scenarios in simulators, a framework that provides analytical
proofs of safety is needed [165]. Some formal verification methods developed for autonomous
car/aircraft can be introduced in the future, such as reachability analysis [166], funnel libraries
[167], etc.

(6) The balance between effectiveness and efficiency of the methods should be considered.

The balance between efficiency and effectiveness is still less focused in the existing studies.
These two benchmarks sometimes are conflicting, and researchers usually sacrifice the
effectiveness to increase efficiency. For instance, some methods only check several controls
instead of searching the whole control space, e.g., LGS, DIO, etc.; some researchers assume the
controls will last for the whole prediction horizontal., e.g., DD, VO, DW, etc. These studies
simplify the method for efficiency, but they do not provide a discussion of the influence of
simplification on effectiveness.

2.6.2 The word clouds of existing studies

Section 2.4 and Section 2.5 show that the focuses of the manned-ship study and the unmanned-
ship study are slightly different. Most of the studies supporting manned ships were more
interested in constructing a collision risk measure for conflict detection, and these studies
usually left conflict resolution to the human operators on board, e.g., OOWs. On the other hand,
the unmanned-ship study employed relatively simple methods to detect collision dangers (e.g.,
CPA, safety distance, etc.) and paid more attention to developing algorithms to find collision-
free solutions.

A more intuitive demonstration of these difference has been presented in Figure 2.12, where
the occurrence of keywords is presented. In Figure 2.12, panel (1) shows the entire word clouds
of collected articles; panel (2) shows the cloud associating to supporting navigators, i.e., the
manned-ship study; panel (3) shows the cloud represents the unmanned-ship study.

In Figure 2.12 (1) and (2), it is observed that the manned-ship study (on the left-hand side of
the figure) are more related to collision risk assessment instead of finding a collision-free path.
The keyword “navigator” is strongly connected to risk-related terms, such as “risk”, “collision
risk”, “ship domain”, “closest point”, etc., that includes some popular methods for conflict
detection. Nevertheless, this could of words is less related with “model predictive control”,

“USV”, etc.

In Figure 2.12 (1) and (3), it is observed that the word cloud of the unmanned-ship study (i.e.
the right-hand side of the figures) is apart from the word cloud of collision risk assessment,
which is strongly connected to some words associating with collision resolution, e.g. “model
predictive control”, “velocity obstacle”, etc. It implies only that a few unmanned-ship studies
focused on collision risk and most of them are interested in finding a collision-free path.
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Figure 2.12 Word clouds of literature working on ship collision avoidance.

9 These word maps are generated via VOS viewer version 1.6.10.
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In brief, it is observed that the focuses of the manned-ship research and the unmanned-ship
research are different, one is on the conflict detection, and the other is on the conflict resolution.
Based on the generic framework found in Section 2.2, these two groups of studies have great
potential to be complementary.

2.6.3 The road to the autonomous shipping

As it showed in the last sub-section, the studies of the manned ship and the unmanned ship may
complement one another, while awareness is still needed about some remaining gaps in the road
to the autonomous shipping.

There are many ways to categorize control levels of the ship from the manned mode to the
autonomous mode that shows the road to autonomous ship. A notable one is shown in the [168]
that contains six levels of control, which ranges from the fully manual mode to fully
autonomous mode. Inspired by this categorization (from the [168] and [169]) and the
categorization of MASS (presented in Section 1.2), a similar six levels of control is presented,
which breaks down the task of collision avoidance in different levels, see table 2.6.

Level 0 refers to a situation that no machine is involved in collision avoidance. Since most of
the ships are requested to equip certain navigational assistance system on board, e.g., Integrated
Navigation System, it is considered that this level has been passed.

Level 1 is the main scope of existing studies for the manned ship. These studies offered various
supporting tools for conflict detection, i.e., ARPA, collision alerts system, etc. The aim of these
studies is training a navigational assistance system which supporting the OOWs to identify
collision dangers and to be aware of approaching dangers in time.

Level 2 expands the function of the assistance systems with conflict resolution. A few
researchers have presented some prototypes on this theme, e.g., early versions of CTPA, CDS,
etc. However, these prototypes usually ignore the ship’s dynamics and used the holonomic
model in collision prevention. As a result, the prototypes do not work well in close range. Here,
the studies for ASV might provide some good references, e.g., the design of two-level
controllers.

Level 3 introduces a deeper interaction between human and machine, which is seldom discussed
in the existing literature. Many collision prevention algorithms are proposed to find one solution
to the ship, regardless of the interaction between human and machine. For instance, how to
present the solution in a way that human can easily understand and implement; how to support
human to modify the collision actions without leading to a worse situation; how to validate the
safety of human’s choices, etc. This level is a critical step for improving the autonomy of the
ships, and it is also a strong reason to convince human to trust the machines.

Level 4 requires the machine to be aware of emergencies in which the machine might not
guarantee the safety of the ship. To achieve this, it requires researchers to test the extreme
conditions of collision prevention algorithms, i.e., safety verification. These studies are not yet
included in most collision prevention studies in maritime research.

Level 5 is the fully autonomous ships. It has received numerous attention from researchers and
highlighted by societies. However, to achieve a fully autonomous system needs long-term
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developments. The challenges are the uncertainties of model and parameters. Moreover, how
to fully comply with the various regulations in complicate scenarios is also an open question.
Some studies in the manned ships might offer a line of thinking to help the ASVs to be rule-
compliant, i.e., to incorporate experts’ judgments in collision prevention.

From Level 1 to Level 5, the interactions between human operators and the collision avoidance
system are gradually increasing. Level 2, 3, and 4 ask the machine contains more functions than
conflict detection, specifically, supporting the OOW find one collision-free solution, checking
the safety of the chosen solution by the OOW, eliminating unsafe solutions, supporting the
human to understand the solution found by the machine, etc. These improvements are essential
for testing the reliability of autonomous systems, increasing the trust between the human and
the machine, and reducing the workload of the human. Thus, Level 2-4 would be the key steps
to the autonomous era, which are less focused nor discussed.

In brief, propelling the autonomous shipping is not only continuing the existing studies on
manned ships and unmanned ships (Level 1 and Level 5), but also filling the gaps between them
(Level 2-4), specifically, making the unmanned ships user-friendly for human operators,
exploring more functions in the existing manned ships, etc.

Table 2.6 Six levels of controls towards the unmanned ship w.r.t. collision avoidance

Level Implications in Collision Avoidance (CA) MASS Types

Level 0 No machine is involved and the human fully takes responsibility to detect - -
dangers and take evasive actions.

Level 1 The human directly controls the ship and machines offer certain service I Human on
in conflict detection. board.

Level 2 The human directly controls the ship and machines offer supports bothin | I/l  Human in the

detection and resolution, i.e., available solutions and validate chosen offshore
solutions. center & on
board.
Level 3 Machines operate the ship under the monitoring of a human, which | IV/IIl Humans in the
support the human to understand the choice of the solutions. The human offshore
can indirectly control the ship via machines or directly controls the ship center or on
via the on-board operators. board

Level 4 Machines can control the ship independently while it informs the human | III ~ Humans in the
and sends an alarm when it in an emergency issue. Then, the human can offshore
indirectly control the ship via machines. center

Level 5 Machines control the ship autonomously and humans cannot direct or | IV~ Humans in the
indirect control the ship during each voyage. offshore
center

2.7 Conclusions

This chapter provides a comprehensive overview of the techniques used for ship collision
avoidance both for manned ships and unmanned ships. The limitations addressed by existing
review paper have been updated, some new challenges are highlighted, and the research
tendencies are discussed. Additionally, another main task of this chapter is answering the
research question addressed in Section 1.3: What techniques have been developed for collision
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avoidance at sea and what research gaps can be explored in a generic framework? The answers
are concluded as follows:

- To answer these questions, a generic framework of collision avoidance, which contains
five modules: “Observer”, “Motion Prediction”, “Conflict Detection”, “Conflict
Resolution”, and “Controller”. Then, the developments of methods used in three key
modules are analyzed. They are “Motion prediction”, “Conflict Detection”, and
“Conflict Resolution”. (Section 2.2)

- Motion prediction relies on the formulation of ship dynamics. To predict the trajectory
of the own-ship, researchers assumed the ship’s dynamics is known and the prediction
is simplified as solving an ODE equation. In more practical cases, the dynamics of the
own-ship or target-ship contain large uncertainties. Thus, researchers have to use a
simplified model and the observed trajectory for prediction. Recently, maneuvers
estimation using historical traffic data is introduced to improve the prediction quality.
Additionally, some studies even accepted communications between ships to improve
the quality of prediction. (Section 2.3)

- Conflict detection is the focus of conventional maritime studies, which is mainly
interested in supporting human on board. A core of conflict detection is a collision risk
measurement that is charged for three tasks: identifying dangers; setting off warnings
for caution; setting off warnings for evasions. It is found that most risk measures cannot
be used for the last task, which is discussed in Section 2.6.1. Firstly, many risk measures
are independent of conflict resolution. Secondly, many risk measures mainly work in a
pairwise encounter scenario. (Section 2.4)

- Conflict resolution gains a remarkable improvement in recent years due to the
development of studies on autonomous ships. Six groups of collision prevention
methods have been identified from the literature. The advantages and disadvantages of
these methods are concluded in Section 2.5.2. Two main challenge includes ignorance
of the ship dynamics and regulations are two common limitations. (Section 2.5)

- The studies for the manned ship and unmanned ship might complementary one another,
where one focuses on conflict detection, and the other focuses on conflict resolution.
However, developing various levels of autonomous ships require not only better conflict
detection and conflict resolution modules but also a user-friendly design that facilitates
various interactions between human operators and the autonomous system, which is less
discussed in the literature. (Section 2.6)

This dissertation pays special attention to developing a Collision Avoidance System
incorporating human-machine interaction that fills some of the gap addressed in above. It aims
at handling the following challenges: firstly, the development of a novel risk measure which is
suitable for triggering evasive actions in multiple-encounter scenarios; secondly, the
development of a collision-avoidance system which is suitable for supporting manned ships and
the unmanned ships in achieving collision avoidance. These challenges are addressed in the
following chapters.



Chapter 3 Framework of Human-Machine
Interaction oriented Collision Avoidance
Systems

The review in the previous chapter reveals that the interactions between human operators and
machines in collision avoidance are essential for developing autonomous systems at sea, but
they are rarely discussed. Moreover, human intelligence and machine intelligence are
complementary, where the first one is good at interpreting navigational regulations, while the
other has the advantage of computing powers. Thus, it is necessary and promising to connect
human operators and machines. This chapter is devoted to developing a framework of Human-
Machine Interaction oriented Collision Avoidance System (HMI-CAS). The framework is to
help human operators and machines share their intelligence and powers in preventing collisions.

The structure of this chapter is assigned as follows: Section 3.1 introduces the role of Human-
Machine Interactions (HMIs) in various control modes of autonomous ships; Section 3.2
explains the motivations of supporting HMIs in collision avoidances; Section 3.3 addresses
HMIs in three key modules of CASs; a framework of the HMI-CAS is proposed in Section 3.4.,
followed by conclusions in Section 3.5.

Acknowledgment The content of this chapter is based on the submitted paper to the journal:

Y. Huang, L. Chen, R.R. Negenborn, P.H.A.J.M. van Gelder. “A HMI-CAS for human-
machine cooperation during collision avoidance”. (Submitted)
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3.1 Introduction

HMIs play important roles in the transition towards the autonomous era. In particular, the
interactions between humans and machines become more and more intensive as the autonomy
level increases. Even for a fully autonomous ship, the human-machine interactions are
remaining since the machine still performs the task assigned by human operators. A
categorization of control modes is presented to help readers build a clear picture of the role of
HMIs in different autonomy levels.

There are many ways and standards to categorize autonomous ships and autonomy levels. The
International Maritime Organization (IMO) proposed the Maritime Autonomous Surface Ship
(MASS) categorization that divides the autonomous ships into four types based on the answers
of the following two questions: where the control happens and by whom. For instance, the ship
is controlled by a human on board (Type I), remotely controlled with/without a human on board
(Type II/III), or automatically controlled by a machine (Type IV). Another categorization
presented in Chapter 2 is based on #ow the control is made, which consists of six levels [168].
In early stage, Sheridan and Parasuraman [169] proposed eight degrees of automation that
assign more levels for different interaction modes.

Based on the interpretation of these categorizations, the categorizations of control modes and
autonomous ships are presented in Table 3.1 and Table 3.2. In the tables, four types of
autonomous ships defined by the IMO are used, together with the six control modes that are
similar to the six levels of control presented in [168].

First of all, the three agents that are frequently quoted need clear clarifications:

e “Human” refers to captains, seafarers, human operators on board or in offshore
control centers.

e “Machine” means automation systems on board. The system is named as Integrated
Navigation System (INS) or Integrated Bridge System (IBS) in manned ships and
Guidance, Navigation and Control (GNC) system in unmanned ships.

e  “Ship” refers to on-board hardware including ship hull, rudders, propellers, servo
motors, etc.

The first three control modes (Control Mode 0 to Control Mode 2) are presented in Table 3.1,
in which the control of the ship is still on human’s side. The differences between these modes
are how human operators observe the surrounding information:

In Control Mode 0, the observation relies on human operators, only;
In Control Mode 1, the observation is supported by machines;
In Control Mode 2, the observation mainly relies on machines.

During collision avoidance, Control Mode 0 is not widely found because most ships are
required to install various navigational equipment by international conventions, e.g., the
International Convention for the Safety Of Life At Sea (SOLARS) [170]. Therefore, human
operators are, more or less, supported by the machine in conventional ships, i.e., Control Mode
1. Correspondingly, the conventional ship is considered to be a Type I MASS. In Control Mode
2, human operators rely on machines to detect the environment, and the machines offer more
services to the human operators compared to Control Mode 1, e.g., suggesting actions.
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Nevertheless, observations by the human operators are still optional. This mode might appear
in two types of MASS, i.e. the MASS Type I or Type II.

The subsequent modes (Mode 3 to Mode 5) are presented in Table 3.2, where the control of the
ship is switched to machines. The difference is how the human operators influence the ship:

In Control Mode 3, human operators authorize machines to take actions;
In Control Mode 4, human operators supervise machines to take actions;
In Control Mode 5, operators cannot intervene but be informed during the voyage.

In Control Mode 3, human operators approve the collision-free solution selected by machines
instead of directly making decisions on preventing collisions. However, in an emergency case,
the human operators still can directly control the ship by changing rudder angles and propeller
revolutions. This mode could be used in the MASS Type II or Type III. In Control Mode 4,
machines can automatically avoid collisions if no interventions from human operators, and the
operators have to use the machines to control the ship. This control mode might appear in a
Type Il MASS. Control Mode 5 is the final goal, which appears in a Type IV MASS. Machines
fully control the ship, and human operators only receive information reported by the machines.

Table 3.1 Six modes of control and four types of MASS (the first 3 modes)
Mode Human-Machine-Ship Characteristics MASS Types

Human ~U Control: Human
. /’/ ) Human on
m Observe: Human board.
»‘!/

Ship

— Human |~— (g (Q\
1 Sl V)| Control: Human
1 I \\ / I Human on
Machine N Observe: Human or board.
I y Machine (optional)
> Ship —

| Human " Control: Human .
I Human in
* l (remote)
2 ! VIl offshore
Machine i Observe: Machine center & on
! . board.
i or Human(optional)
t
. Ship -

* Note: the dotted line means this data/information flow is optional; the solid one refers to the required flow.
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From Table 3.1-3.2, it is clear that interactions between human operators and machines are
indispensable in every control mode. For instance, in Control Mode 1 and Mode 2, the machines
support the human operators by providing navigational information; in Control Mode 3 and
Mode 4, the machines become irreplaceable, and the human operators have to interact with the
machines to control the ships; in Control Mode 5, the interactions are reduced but still exist, in
particular, the machines report the states of the ship and executes the voyage inputted by the
human operators.

Moreover, good human-machine interactions are the key to promoting autonomous ships. Even
if the fully autonomous ship (e.g., a Type IV MASS) is ready for use, the willingness of humans
to adopt the technology is still questionable. The lack of public trust of automation systems is
a main barrier, according to studies on driverless cars [12, 171]. In fact, a good human-machine
interaction has a positive influence on building trust. Research shows that deeper interactions,
such as providing an opportunity for human to observe how the automation works, benefit in
developing greater trust [172].

In brief, studies on supporting HMIs for ship collision avoidance are necessary and essential
for the transition of the conventional ships toward the autonomous ships. In the following sub-
sections, HMIs during collision avoidance are focused, and a framework of HMI-CAS is
proposed.

Table 3.2 Six modes of control and four types of MASS (the subsequent 3 modes)

Mode Human-Machine-Ship Characteristics MASS Types
T Human g Control: Machine or
| —_— Human (optional) Humans in
| * * S Observe: Machine the
3 Machine \\ i S or Human' ' I/IIT  offshore
The machine is center or
_// authorized by the on board.
= human,;
Ship
Human
7, S ontrol: Machine Humans in
' + @ Observe: Machine the
4 Machine X\ The machine is I  offshore
& supervised by the center.
y human
Ship o
Human
—
* Control: Machine Humans in
. Observe: Machine the
> | Machine \‘\\ The machine v offshore
» informs the human center.
Ship =

* Note: the dotted line means this data/information flow is optional; the solid one refers to the required flow.



Chapter 3 — Framework of HMI-Collision Avoidance System 51

3.2 Motivations of improving HMIs during collision avoidance

3.2.1 HMIs in different control modes

Generally, the contents of HMIs cover all forms of relationships between humans and machines,
including three types: (1) the machines perform the humans’ command or task; (2) the machines
provide information to the humans; (3) the humans turn off/on the machines [169]. Guided by
this categorization and the generic collision avoidance framework presented in Figure 2.2,
seven types of HMIs during collision avoidance are identified: “turning off/on the system”,
“data collection”, “trajectory prediction”, “early warning”, “solution advice”, “automated

solution execution”, and “cooperation support”. The meanings of these HMIs are presented in
Table 3.3.

Each Control Mode in Table 3.1-3.2 might contain more than one type of HMIs. An overview
of the HMISs in each control mode is shown in Table 3.4.

Control Mode 1 is a popular mode in existing manned ships, which allows human operators to
turn off/on machines since the human operators are still on board. The machines in this mode
can help to collect data, predict trajectories, and remind the operators about dangers based on
predictions. In Control Mode 2, all functions in Control Mode 1 are kept, while advising a
collision-free solution becomes necessary. In these modes, the machines lend computing power
to the human operators and help them in detecting and avoiding dangers.

Table 3.3 Contents of HMIs during collision avoidance

HMIs Content

Turning off/on the system humans can turn on/off the systems during one voyage;
Data collection systems can sense data and present to humans;
Trajectory prediction systems can foresee the position of ships for humans;
Early warning systems can find the potential dangers and send alarm;
Solution advice systems can advise a conflict resolution to humans;
Automated solution execution systems can automatically execute the solution;

Cooperation support®* systems can cooperate with humans in finding a collision-free solution.

*Note: “cooperation support” refers to the “machine” and “human” work together in finding a collision-free solution. The
cooperation is mutual, in particular, the human can intervene the machine, and the machine validates the human’s solutions.

Table 3.4 Overview of HMIs in different control modes

HMIs Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
Turning off/on the system ° ° © - -
Data collection ° ° ° ° -
Trajectory prediction ° ° ° ° °
Early warning ° o ° ° -
Solution advice © ° ° ° -
Automated solution execution - - ° ° °
Cooperation support - - © ° -

[TPL)

Note: The compulsory interaction is marked as “e”, the optional one is marked as “©”, and “-”” means that the interaction is not
applicable.
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In Control Mode 3 and Mode 4, machines can execute collision-free solutions automatically.
Interactions between human operators and the machines become more frequent and more
content-rich than in other modes. Subsequently, requirements on the machines increase since
that the action selected by the machines needs to be authorized or supervised by the human
operators. Firstly, the machines not only provide the information like that in Control Mode 1
and Mode 2 but also offer extra information for the human operators to understand the choices
of the machines. Secondly, the machines need to contain the design that allows the human
operators to influence the machines’ decisions. For instance, if a human operator disagrees with
a machine’s solution, he/she is enabled to modify this solution. The difference between Control
Mode 3 and Mode 4 is concluded as follows. In Control Mode 4, machines cannot be shut down
since the ship is controlled via the machines only, while in Mode 3, “turning off/on the system”
is optional since humans might work on board, such as a Type II MASS.

In Control Mode 5, interactions between humans and machines are reduced. Specifically, the
machines only inform the operators and execute collision avoidance automatically.

3.2.2 HMlI-related studies in the existing literature

In the literature, the seven types of HMIs received different attentions. According to Chapter 2,
the existing studies are either focusing on Control Mode 1 that supports human in identifying
dangers (i.e., “early warning”) or Control Mode 5 that avoids collisions automatically (i.e.,
“Automated solution execution’). Other Control Modes and the relevant types of HMIs are less
focused, e.g. “solution advice” and “cooperation support”. An overview of the focuses on the
existing studies on manned and unmanned ships is presented in Table 3.5.

Manned-ship studies offered many techniques for supporting operators to detect collision
dangers, i.e., “early warning”. In the studies, machines take the responsibility of calculating risk
and offering alerts, the operators can modify thresholds of the alerts and turn off/on the
machines. These studies, of course, are fundamental for supporting Control Mode 1, while other
types of HMIs and other modes of Control Modes are out of discussions.

Unmanned-ship studies, on the other hand, concentrate on solving collision problem
automatically by the machines only, which is considered to achieve “Automated execution of
solution”. Besides, some of the studies are enable to output the predicted collision-free
trajectory that facilitates the human operators to understand the machine’s decision. However,
cooperation between humans and machines is usually out of their scopes.

Table 3.5 Overview of HMIs in manned-ship and unmanned-ship studies

HMIs Studies on manned ships Studies on unmanned ships

Turning off/on the system - -

Data collection () ()

Trajectory prediction () [

Early warning () -

Solution advice - -

Automated solution execution - )

Cooperation support - -

Note: “-” means the interaction is not widely discussed in the group; “®” means relevant interaction is developed;
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In summary, the existing studies on ship collision avoidance are more focusing on “early
99 C¢

warning”, “automatic executions of resolution” and “trajectory prediction”, while “resolution
advice” and “human-machine cooperation support” are rarely discussed.

3.2.3 A bridge between human operators and automation systems

The existing studies on manned ships or unmanned ships do not incorporate the cooperation
between humans and machines in finding collision-free solutions. The human operators or the
machines work independently, i.e., the decisions are either made by the human alone or the
machine alone. Knowledge between the human and the machine is not shared.

In Figure 3.1, the system integrating two navigation modes is presented: one mode with humans
on board (manual) and the other without humans (the unmanned loop), which simulates the
case that the GNC system is directly embed into a conventional ship. One switch is employed
to change the control between two loops.

In the unmanned loop, the Guidance system is in charge of finding a collision-free solution, and
the Control system is designed to track collision-free solutions. Since humans are not
considered in this loop, the outputs of the Guidance system or the Control system are usually
difficult for the humans to read, to intervene, and to implement. For instance, if the Guidance
system outputs desired forces in each direction, how to allocate these forces to steers is
challenging for human operators. Alternatively, the system might offer a collision-free
trajectory or a set of steering commands that are readable for human. However, steering the
ship to each waypoint or following each planned steer sticking to a planned schedule is also
challenging for the human operators.

If a human operator wants to intervene in this automatic collision avoidance process, the
operator needs to switch to the manual loop. Then, the operator has to analyze the encounters
again, to find a possible collision-free solution, and to implement the solution by
himself/herself. In this hybrid system, the interaction between humans and machines is little,
and there is a lack of information exchange.

F
v M Unmanned
Guidance System Control system Loop
A\ 4
; r > Actuator » Ship p Navigation System
I
Human Manual
Loop
A

v

Figure 3.1 Representation of an integration of the manned and unmanned control loops.
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Neither of these loops is perfect. If the manual loop is reliable, there would not be room for
developing autonomous systems. Specifically, from numerous accident reports, people found
that “too late actions” or “no actions” are two main causes of collision accidents. In fact,
traditional navigational assistance systems lack the function of suggesting collision-free
solutions [9], which is a strength of existing automation systems. One the other hand, the
unmanned loop is also not perfect. Teaching the automation system to understand regulations
is still an open question [20], where human knowledge is indispensable. Therefore, a connection
between these loops would have a “win-win” situation, where an HMI system is needed.

In summary, the existing studies on manned or unmanned ships do not consider the cooperation
between humans and machines in conflict resolution. Moreover, neither the humans or the
machines are reliable enough to perform collision avoidance in various situations. Additionally,
advantages of manual and automation systems are highly complementary. Thus, there is a huge
potential of connecting manual and automation systems. The connection not only helps the
automation systems gain the knowledge from human operators to achieve rule-compliant
actions, but also helps the human operators take timely correct operations. From this
perspective, HMIs are performed as the bridge combining the advantages of the human and the
machine in preventing ship collisions.

3.3 Incorporating HMIs in the Collision Avoidance System (CAS)

Figure 3.2 illustrates the information flow in the designed CAS incorporating the seven types
of HMIs, with the help of the generic CAS framework presented in Section 2.2.2.

MASS Ship

Automation system \\/

Actuator Observer

A +

Motion Prediction

2 | - Prediction of trajectories;
- Reasoning intentions;
Conlflict Resolution Conflict Detection - Exchanging trajectories;

‘ () ©

- Suggesting collision-free solution(s); - Sharing situational awareness;
- Delivering all unsafe solutions; - Setting off alarms in time;

- Validating the inputted solution; - Assessing the risk in multiple-encounter;
- Executing human’s solution; -

Figure 3.2 Illustration of human-machine interactions during collision avoidance.
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The information flow among three key modules, labeled (1), (2), and (3) in Figure 3.2, is used
for supporting three types of the HMISs, i.e., “trajectory prediction”, “early warning”, “solution
advice”. Moreover, a human operator can approve the machine’s suggestion and let the machine
to execute the solution automatically, or the human can intervene in the automated collision
avoidance by feedbacks to “Conflict Resolution” module (labeled (4)), which help to achieve
“Automated solution execution” and “cooperation support”. Finally, the human operator even
can turn off the system and directly maneuver the ship according to the received information

from the machine (labeled (3)).

In the following sub-sections, the HMIs in each module are explained in detail. The information
delivered to human operators in “Motion Prediction” and “Conflict Detection” is addressed in
Section 3.3.1, and the HMIs in “Conflict Resolution” are explained in Section 3.3.2.

3.3.1 One-way information flow delivering to human operators

The cooperation of human operators and machines mainly takes place in the “conflict
resolution” module, while information supports from previous modules are necessary for the
cooperation. “Prediction” is in charge of obtaining trajectories of the ships (the OS and the TS),
which is a foundation for automation in various control modes. The following items are the
possible functions that the machines support the operators, which are marked as (1) in Figure
3.2

- Predicting the trajectory of the OS with a bounded range that considers the dynamics of
the OS and uncertainties on parameters and on environmental disturbances;

- Predicting the trajectory of the TS with a bounded confidence range that considers
uncertainties on its maneuvers, dynamics, environmental disturbance, etc.;

- Reasoning the intention of the TSs according to their trajectories, traffic patterns,
navigational regulations, etc.;

- Exchanging predicted trajectories with other ships;

“Conflict detection” plays an important role in early alarms and triggering evasive actions,
which serves the operations in Control Model 1 to 4. Many current alert systems are based on
CPA methods, which usually fall in two types of failures: alarms given too late and nuisance
alarms. Moreover, the CPA methods cannot handle multiple-encounters. Thus, new functions
are expected (see (2) in Figure 3.2), including, but is not limited to:

- Setting off an alarm that reflects experts’ knowledge for sharing situational awareness
between experts and human operators (“soft boundary”);

- Setting off an alarm that links with the conflict resolution for the OS, where the alarm
can set a warning before the collision becomes inevitable (“hard boundary™);

- Setting off an alarm properly in a multiple-encounter case;

The first of alarm, serving as a “soft-boundary” between safety and collisions, is widely
discussed in the existing conflict detection studies, see [71], [80], etc. The violation of this
“soft-boundary” is considered to be unacceptable to most experts, but it does not mean a
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collision is unavoidable. The “hard boundary”, however, shows a real boundary between safety
and collisions. In particular, the violation means unavoidable collisions.

3.3.2 Bi-directional information flow in conflict resolution

“Conflict resolution” is delegated to find a collision-free solution. Interactions between human
operators and the machines in this module are the keys to achieve Control Mode 2-4. The
information delivered to the human operators includes, but is not limited to (see (3) in Figure
3.2):

(1) One collision-free solution, noted as u;
(2) One best solution that minimizes the utility function, noted as u*;

(3) A finite number of safe solutions noted as U ={u1,u1,...,u,,} ;
(4) A closed region of collision-free solutions noted as U = {u | f(u)< O} ;
(5) All closed regions of unsafe solutions noted as K = {U; U;}.

[lustrations of these types of information are shown in Table 3.6, where the solution space of
a ship is presented (each point in this space represents one maneuver for the ship). The black
dot in the first row represents the collision-free solution that is found by the machine and
delivered to human operators. In the second row, the “*”” mark means that the machine offers
one optimal collision-free solution. In the third row, the dots are the feasible collision-free
solutions that the machine can find. In the fourth row, a sub-space of the solution space
containing collision-free solutions is colored in blue. In the fifth row, instead of finding a
collision-free set, the machine identifies all the solution sub-spaces leading to the collision,
colored in grey.

Human operators then can utilize this information for analyzing the encounter situation and do
the following operations (i.e., (4) in Figure 3.2):

a. Switching to manual mode when human operators prefer to steer the ship by
themselves or the solution found by the machine is not fully satisfying.

b. Accepting the solution when operators believe the solution is proper;

c. Changing the solution by modifying the utility function when the operator does not
satisfy the selected “best” solution by machine;

d. Picking up one solution in given finite solutions U when the machine does not pick up
any solution to human operators or the chosen one is not satisfied. (The machine shows
several solution candidates);

e. Picking up one solution in given collision-free set U when the machine does not pick
up any solution to human operators or the chosen one is not satisfied. (The machine
shows a sub-space of feasible solutions);

f. Validating the safety of inputted solution by human operators when the machine does
not pick up any solution or the chosen one is not satisfied. (The machine shows unsafe
solutions)

The solution forms and their matching functions for supporting the human operators are
presented in Table 3.6. One solution form might fulfill multiple functions. In many cases, a
combination of different solution forms are needed to achieve more HMI types. For instance, a
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combination of form (2) and (3) provides an optimal solution and alternative solutions to
operators at the same time.

Table 3.6 Overview of different forms of solution and relevant interactions

Service from machine Operations that human can do
(1) A feasible solution: a. Switch to manual mode;
L ]
u. b. Accept the solution;
Switch to manual mode;
2) ﬁn optimal solution: sk b. Accept the optimal solution;
c. Modify utility function
(3) Finite feasible ¢ e a. Switch to manual mode;
. e o o
solutions: U. . o o d. Pick up one solution in U.
(4) A closed region of * o o a. Switch to manual mode;
feasible solutions: U. : : : e. Freely choose one solution in U
a. Switch to manual mode;
) dAlel;clacr)Zi(; 22%;?&2:? e. Freely choose one solution in U,
K. ¢ o o f. Validate arbitrary solution inputted
by human using K.

* These figures demonstrate the solution space of the ship. Each dot in this space represents one control inputs to
the ship. The region in blue is a collision-free sub-space, and the region in grey is a sub-space that leads to
collisions.
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3.4 Human-Machine Interaction oriented CAS (HMI-CAS)

3.4.1 Assumptions and focuses

As mentioned in Section 3.3, the information from the machine to human operators is coming
from the “Motion Prediction” module, the “Conflict Detection” module, and “the Conflict
Resolution” module. However, the “Prediction” module is out of our scope because the HMIs
in this module is unidirectional. More contents of trajectory prediction can be found in [63].
Thus, this dissertation accepts the following assumption.

Assumption: Each ship will broadcast its predicted trajectory to neighboring ships or each
ship can predict the trajectories of other ships precisely.

In brief, this dissertation is more interested in the interactions labeled (2), (3), and (4) in Figure
3.2, which specifically supports cooperation between humans and machines in collision
avoidance. Two types of services are focused on:

Focus 1: Information for “Conflict Detection”, e.g., collision candidates, collision risk, time
for evasive actions;

Focus 2: Cooperation for “Conflict Resolution”, e.g., selected/suggested a collision-free
solution, the unsafe/safe set of maneuvers, the safety of inputted solution by
humans, intervention of automated collision avoidance, etc.

Different from the hybrid system presented in Figure 3.1, this dissertation aims at adding an
interaction between the automation system and human, specifically between the Guidance
system and human operators, i.e., the red arrows shown in Figure 3.3. The Guidance system
provides information to human and the human can send feedback to the Guidance system, e.g.,
authorization, intervention, etc.

To incarnate the connection between human operators and the Guidance system, an interface is
introduced, that supports information exchanges. An illustration of this idea is shown in Figure
3.4. The blue arrow shows the information flow in the CAS, which delivers information to
human operators. The green arrows represent the inputted information by humans, that feeds
the humans’ decisions back to the machine and influences the behavior of the ship.

, l ‘
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Figure 3.3 Representation of control loop within the proposed HMI-CAS.
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Figure 3.4 Illustration of the proposed HMI-CAS.

The CAS and interface in Figure 3.4 compose the collision avoidance module in the Guidance
system. The entire GNC system with the designed CAS and interface is named as Human-
Machine Interaction oriented Collision Avoidance System (HMI-CAS).

The HMI-CAS can be applied to different types of MASS where human is involved. Although
the manual mode is reserved in the HMI-CAS, it is expected that the human operator can get
used to controlling the ship via the designed HMI-CAS. As time goes on, the operator builds
trust with this new system. The operator, then, do not need to stay on board for directly
controlling the ship, i.e., the human operator can intervene/interact with the ship in offshore
control centers.

3.4.2 Framework of the HMI-CAS

An abstract representation of HMI-CAS is shown in Figure 3.5. The proposed HMI-CAS has
two modes: manual mode and autonomous mode.

Own-Ship
Control system X (t) Navigation system
— Controller —>  Ship ——> Observer —
—
()
WP Global v (t)
Planner . Xi .
[ Transceiver Target-Ships
x, (1)
Local Planner «———— X, (%)

¢ Feedbacks

Alarms/Suggestion

5 Interface
Orders

Human Operators

Guidance system

Figure 3.5 Abstract representation of the proposed HMI-CAS.
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Note: sub-script i represents the states related to the own-ship; sub-script j is related to the target-ship.

When there is no human intervention, the OS follows a set of waypoints and takes evasive
actions automatically, i.e., the autonomous mode. Thus, the framework of this system is based
on the GNC system. Three basic systems are included: Guidance system, Navigation system,
and Control system. However, to support the interactions between human operators and the
GNC system, an interface is introduced.

The Navigation system contains sensors and transceivers that allow the ship to sense the
surrounding environment and to communicate with other ships. The obtained information is
sent to the Guidance system.

The Guidance system is performing as a “brain” that makes decisions according to the received
information. Moreover, this electronic “brain” is allowed to interact with humans via the
designed interface.

The Control system contains a controller which implements the inputted solutions from the
Guidance system and outputs relevant commands to actuators, i.e., propellers and rudders.

3.4.3 Key modules in the Guidance system

Three main modules are designed in the Guidance system, i.e., a Global Planner, a Local Motion
Planner, and an Interface.

Global Planner generates a planned waypoint which guides the ship to the destination,
noted as wp. This waypoint is generated by path planning algorithms or human operators.

Local Planner generates a collision-free solution considering the observed information,

planned waypoints, and the feedbacks from human operators, etc., noted as U .

Interface has two main functions. One is to present information for human operators, e.g.,
a set of solutions leading to collisions, a set of collision-free solutions, and a selected
solution to human operators. The other is to collect and send the orders from operators to
the local motion planner. The orders could be an alternative solution, a command to
stop/continue the existing mode, etc.

The structures of the modules are shown in Figures 3.6-3.8.
(1) Global Planner

Global Planner contains a path planning module in which various deliberate algorithms can be
used, e.g., A* [22], Theta* [173], Dijkstra, Fast marching method [174], Potential Field [44],
etc. An overview of these algorithms is shown in [20]. A common ground of these methods is
a known roadmap. Some algorithms also need predefined cost functions in finding optimal
paths. Alternatively, instead of using path planning algorithms, human operators also can
directly input the desired path that usually is indicated by waypoints. Given the
inputted/optimized path, this module also needs to find out which waypoint is activated, i.e.,
the waypoint that the ship is heading to.
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(1) Local Planner

Local Planner is the focus of the Guidance system, which is in charge of finding a collision-
free solution. It consists of three key processes, i.e., a “trajectory prediction”, a “conflict
detection”, and a “conflict resolution”. The “trajectory prediction” process outputs the predicted
trajectories of the OS and the TS, i.e., xi(¢) and x;(¢). Based on these outcomes, the “conflict
detection” calculates the relevant collision risk and triggers an alarm and “conflict resolution”
if necessary. Lastly, the “conflict resolution” finds collision-free solutions according to the
input information from “trajectory prediction”, “conflict detection”, and the feedbacks from
human operators. The outputted information is delivered to the “Interface” module and the
“Control” system. If no feedbacks are sent from the “Interface”, the optimal solution will be

executed by “Control” system.
(2) Interface

“Interface” is designed for connecting the human operators and the machines. It provides the
operators with the supporting information from the Local Planner Module, and collects the
feedbacks form the human operators.

The information from the machines to the human operators includes collision-free solutions,
best solutions, dangerous solutions, etc. Since the inputted information from conflict resolution
might not be directly readable by human operators, a mapping sub-module is designed to
present the resolution spaces. The map, together with a solution selected by the machine, is
projected in the human-machine interface. Human operators then can read the map, understand
the selected solution of the machine, authorize the system to continue, intervene in the system,
and find a new solution if necessary.

The information from human operators to the machine is the new solution selected by the
operators, noted as u™™", The new solution is sent back to the mapping sub-module, and then
it is translated to the machine’s language.

3.4.4 Requirements for achieving HMIs
It is expected that the HMI-CAS system supports human operators in the following aspects:

(1) to identify who have conflicts with the own-ship;

(2) to notice whether it is necessary to take actions;

(3) to show how the CAS system avoids the dangers;

(4) to be aware of what kind of operations are dangerous/safe;

(5) to inform whether the chosen solution by the human is safe/unsafe;
(6) to intervene in automated collision avoidance if necessary.

To meet these demands, the “Interface” in the HMI-CAS needs to be user-friendly. In particular,
the interface facilitates the users to read the information, to understand the selected collision-
free solutions by the machine, and to intervene in the conflict resolution. (supports 3) in Figure
3.2);

Moreover, since a ship might encounter with more than one ship in busy waters, the “Local
Planner” in the HMI-CAS needs to handle multiple-encounter scenarios. The HMI-CAS needs
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not only to find a collision-free solution in the multiple-encounter situation but also to support
conflict detection in this situations. (supports (2) in Figure 3.2)

Lastly, this system needs to support various types of cooperation in conflict resolution. Thus,
the “Conflict Resolution” in “Local Planner” module needs to offer various types of solutions
for users. For instance, one collision-free solution, one best solution, a set of safe/unsafe
solutions, etc. (supports 3) and (#) in Figure 3.2).

3.5 Conclusions

In this chapter, categories of autonomous ships and autonomy control levels are analyzed,
which reveals huge demands on human-machine interactions (HMIs) in conventional ships,
autonomous ships, and the transition towards autonomous ships. In particular, the interactions
are indispensable in many Control Modes and different types of Maritime Autonomous Surface
Ships (MASS). Additionally, in the transition towards autonomous ships, a good design of the
system supporting HMIs benefits in building the trust of the system. These reasons motivate
this study to work on a collision-avoidance system supporting HMIs.

This chapter answers the research question listed in Section 1.3, specifically How can a
framework of HMI-CAS be designed to support various modes of human-machine interactions
during collision prevention? The answers are concluded as follows:

- Seven types of HMIs during collision avoidance have been identified, i.e. , “early

warning”, “solution advice”, “automated solution execution”, “cooperation support”,
“trajectory prediction”, “data collection”, and “turning off/on the system”.

- Two types of interactions, “solution advice” and “cooperation support”, are less
discussed in the literature, but they are important for developing Control Mode 2 to
Mode 4 in autonomous ships. In fact, the existing studies do not incorporate the
cooperation between human and machine in finding a collision-free solution, while the
advantages of the human and the machine are complementary. In particular, the machine
can help the human operator find a solution, and human can help machine find a rule-
compliant solution. These two types of HMIs are the bridge that helps operators and
machines share their knowledge and computing power.

- To support autonomous functions, the framework of the HMI-CAS remains the same as
the Guidance, Navigation, and Control (GNC) system. Nevertheless, to facilitate
information exchanges, an interface is needed. This interface is placed in the
“Guidance” system, and it is used for information exchanging between the operators
and the “Local Planner” module.

- The “Local Planner” module in the “Guidance” system contains three key sub-modules
that are crucial for collision avoidance, namely “Prediction”, “Conflict Detection”, and
“Conflict Resolution”. In the “Prediction” module and “Conflict Detection” module, the
machine offers information that supports the human operators to estimate the future
states of the ships, potential dangers, and the soft’/hard boundary of dangers. In the
“Conflict Resolution” module, the machine can not only deliver a collision-free solution
to human operators but also support the operator to take over control of the machine,
e.g., offering finite collision-free solutions, identifying all unsafe solutions, etc.
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In brief, the framework of the proposed HMI-CAS is on the basis of the GNC system with a
new design of the “Guidance” system. The improved “Guidance” system contains a HMI
interface that supports all forms of interactions presented in Table 3.3. The key of the interaction
modes are ‘“cooperation support”, which requires the HMI-CAS to offer various forms of
solutions and to be user-friendly. For instance, the HMI-CAS needs to allow the operators to
participate in the decision making processes of the automation systems. The algorithms that are
capable to meet the cooperation requirements and, therefore, be used in the HMI-CAS system,
are presented in the next chapter.



Chapter 4 Methodology for Developing HMI-
CASs

The framework of Human-Machine Interaction oriented Collision Avoidance System (HMI-
CAS) has been presented in the last chapter, consisting of a GNC system and an interface.
However, not all the GNC system embedded an interface can support all forms of interactions
addressed in Section 3.3. This chapter conducts a comparison among various prevention
algorithms (collected in Chapter 2), and a group of algorithms supporting all forms of
interactions is found, named as Velocity Obstacle (VO) algorithm. Moreover, by applying the
variations of VO algorithm, some limitations of traditional ship prevention algorithm have been
overcome. Specifically, the movement of the TS is no needed to be invariant and deterministic.
Moreover, it is proofed in this chapter that the Linear VO algorithm (LVO) is identical to some
classical methods from maritime studies, i.e., Collision Threat Parameter Area (CTPA).

This chapter is organized as follows: the comparison of prevention algorithms is presented in
Section 4.1 and a family of VO algorithms is introduced in Section 4.2. In Section 4.3, the detail
of using VO algorithms in HMI-CAS is presented, followed by a comparison of VO algorithms
with traditional methods in Section 4.4. The relevant demonstrations and discussions are shown
in Section 4.5 and Section 4.6, respectively. In the end, conclusion is addressed in Section 4.7.
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4.1 Introduction

In the framework of the HMI-CAS, “Conflict Detection” and “Conflict Resolution” are two key
modules. In this chapter, the algorithms that are suitable for Human-Machine Interactions
(HMIs) in these two modules are shown.

4.1.1 Existing methods for conflict detection

In existing conflict detection methods, “Closest Point of Approach” (CPA) is a well-known
concept, which shows the closest point that the Target-Ship (TS) can approach the Own-Ship
(OS). Two indicators based on this concept are Distance at CPA (DCPA) and Time to CPA
(TCPA). DCPA shows the distance between the TS and the OS when the TS is located at CPA.
TCPA indicates the time remaining for the TS reaching the CPA. A collision warning is
triggered when DCPA and TCPA are smaller than thresholds. This type of conflict detection
method is named as the CPA method. To date, this method has been integrated into Automatic
Radar Plotting Aid (ARPA) in conventional ships and has been widely used in practice.

Due to the high acceptance of the CPA method, many detection methods are developed based
on the CPA method, aiming at improving the functionalities of collision alert systems on board.

Firstly, the CPA method neglects the influence of operational environments and the regulations,
which easy results in frequent alarms in dense waters [115]. To handle this issue, researchers
developed Collision Risk Index (CRI) methods that incorporate experts’ knowledge and
multiple factors in setting warning criteria. Details about CRI are presented in Section 2.4.1.
The integrated factors include sailing regulations, ships’ dimension, ship’s states, etc. [91].
These methods are expected to raise a collision alarm in compliant with sailing regulations and
good seamanship.

Secondly, the shape of a ship is simplified as a point in the CPA method, which may result in
an overestimation of feasible time for steering. It implies that a collision can happen before the
ship reaches the CPA [175]. In order to consider the shape of ships in conflict detection and
collision avoidance, “ship domain™ [175, 176] is introduced as an alternative, named as WR-
SD in Section 2.4.2.

Thirdly, for the convenience of searching an evasive action, Collision Threat Parameters Area
(CTPA) is introduced, which is derived from the CPA method. CTPA collects a set of velocities
leading to the DCPA be smaller than the safety distance [30, 31]. When the velocity of the OS
belongs to this set, a collision alarm is raised. Correspondingly, all the velocities outside of this
set are collision-free.

Although the CPA method and its variations are dominant in conflict detection, this group of
methods has a strict assumption that presumes the TS sails with a constant speed and course.
This assumption restricts the application of CPA methods in more general cases. Firstly, the
motion of a ship is hard to be invariant, especially when the ship is affected by external
disturbances or is taking evasive actions. Thus, the estimated position of CPA could by varying,
which may easily lead to false alarms. Secondly, even if the OS obtains the trajectory of the TS
by predictions or communication, two CPA indicators cannot truly reflect the closest distance
between ships and the relevant time for steering.
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In this chapter, the Velocity Obstacle (VO) algorithm and its variations from robotics are
adopted that not only can perform as the same as some traditional detection methods but also
suitable in more generic maritime environments. In particular, the strict assumption on the TS’s
movement is released.

4.1.2 Existing methods for conflict resolution

For supporting HMIs in conflict resolution, it is expected that the HMI-CAS enables to offer
various forms of solutions to the human operators, specifically, all form of solutions addressed
in Table 3.6.

one collision-free solution, noted as u;

one optimal solution regarding the cost function, noted as u”;

a set of finite collision-free solutions that are checked by the algorithm, noted as U;

a closed region of collision-free solutions, which is a continuous sub-space, noted as U;
all closed regions of unsafe solutions collecting all unsafe solutions, noted as K.

© a0 o

These forms of solution help the human operators in various ways, e.g., find one solution (a-b),
choose another solution in candidates (c-¢), validate the safety of arbitrary solutions (e), and
even understand how does the machine find a solution (b, e). A comparison of the existing
algorithms is conducted to find a proper algorithm, in which 14 representative algorithms from
5 groups are analyzed. The results of the comparison are shown in Table 4.1.

Table 4.1 Overview of solution forms of collision avoidance algorithms

. Encounter Output solutions The physical meaning of the
Algorithm types u v U U K solution
. . turning course [118]
% -§ Single-rule Single- © - - - - or pattern [48]
<
=R Multiple-rule Single- o - - - - heading & speed [121]
Tg 5 Atrticle Potential Field Multiple- ® - - - - course/velocity [125, 126]
=l
S = Limited Cycle Method Single- ®e - - - - trajectory[42, 128, 129]
Dynamic Window Multiple- ® ¢ @ O O speed & yawrate [132, 133]
Decision Disc Multiple- e ¢ o O O velocity [29-32, 73, 130]

Discrete-Input Velocity [74]

Discrete inputs

Optimization Multiple- & & - - - / rudder angle [134]
Lattice-Based Search Multiple- e o - - - velocity [59, 135]
Brute-Force Search Multiple- ® - - - - rudder angle f;%peratlon time
2 Velocity Obstacle Multiple- e 6 o o o Velocities [149]
QS w
E é Vision Cone Single- ®e - - - - Course [41, 152, 154]
< .8 .. .
S MPC-Collision . trajectory
@) - - - -
Avoidance Multiple ¢ o /desired forces [40, 49, 155]
. %D Fast Marching Method Multiple- e o - - - Path [157]
b 'g
g
=  Projected Obstacle Area Multiple- e o - - - Path [105, 106]

* Note: “®” means this algorithm matches the description; “©” means this algorithm is not fully matching the
description; “-” means this algorithm is not matching.
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“Rule-based” methods usually offer one feasible solution to operators/ASVs. The feasible
solution could be a course [118], a speed [121], or a pattern (enlarge rudder angle until it is
collision-free) [48], etc. Nevertheless, since the collision check is not inclusive, some
algorithms might not guarantee that the solution is collision-free.

“Virtual vector” methods offer a solution that might not be optimal but collision-free. The
solution could be a collision-free course by Artificial Potential Field (APF) or a collision-free
trajectory generated by Limited Cycle Method (LCM).

“Discrete inputs” methods follow a common idea that discretizes the control space and then
finds solutions. Brute-force search checks the solutions from the discrete control space and
returns one collision-free solution. Dynamic Window (DW) and Decision Disc (DD) are able
to offer both alternative solutions and an optimal solution. These algorithms check each solution
from the discrete solution space, and the optimal solution is found in these solutions. However,
since the control space is discretized, these algorithms cannot offer a continuous solution space
to users. Besides, the DW implies stopping the ship is always a safe option and DD assumes
the target-ship sailing with constant speed and course, which are not always the case at sea.
Discrete-Inputs Optimization and Lattice-based search contain an optimization finding one
collision-free solution. Thus, they directly offer an optimal solution to the users.

“Continuous inputs” methods search collision-free solutions in a continuous space. Both Visual
Cone (VC) and MPC based Collision Avoidance (MPC-CA) can find one collision-free solution
to users, while MPC-CA could offer a solution that minimizes the cost function. The VO
algorithm firstly identify the unsafe region in the solution space (i.e., K) and then find an
optimal solution in the complement (i.e., K).

Two representative algorithms from “Re-planning” are Fast Marching Method (FMM) and
Projected Obstacle Area (POA). FMM assigns a cost map first and then find an optimal path;
POA assigns a prohibited region around the predicted position of an obstacle and finds one path
to avoid the prohibited region.

Though comparison, it is found that the VO algorithm meets the requirements of supporting all
forms of HMIs in the proposed HMI-CA. The main reason is that the VO algorithm presents a
set of dangerous solutions (i.e., K) that allows the human operators to validate their solutions
(safe or not) and the optimization in the complementary of K set is possible. Moreover, the form
of a solution provided by the VO algorithm is friendly for human operators to read and to
implement.

To conclude, a family of VO algorithms is adopted for developing the proposed HMI-CAS.
This family of algorithms releases the assumption on the movement of the TS and can support
human operators with various solution forms. Some fundamental VO algorithms are introduced
in the subsequent section, which are Linear-VO, Non-Linear VO, and Probabilistic VO
algorithms. Using VO algorithms for Conflict Resolution and Conflict Detection are addressed
in Chapter 5 and Chapter 6, respectively.

4.2 Velocity obstacle algorithms

Velocity obstacle algorithm is an algorithm developed in robotics for supporting collision
avoidance in dynamic environments. The main idea of this algorithm is collecting the velocity
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leading to collisions in a set in velocity space, called VO set, and then avoids the collision by
choosing a velocity out of the set. The name of this algorithm is given in [147] in the late 90s.
Thanks to its simple form, this algorithm has been accepted for different platforms and been
developed for different working environments. In the literature, this algorithm has been applied
to the unmanned aerial vehicle [177], wheeled robot [178], unmanned surface vehicle [73], etc.

Based on the original VO algorithm, a series of velocity obstacle algorithms have been
developed. The original VO algorithm requires that the moving obstacle’s velocity is constant.
Thus, the original VO is also called Linear VO (LVO) in this dissertation. To overcome the
constraints on the constant velocity, a Non-Linear VO (NLVO) algorithm is proposed [179].
Since then, a family of VO algorithms has been developed for preventing collisions in different
scenarios. The fundamental VO algorithms, however, easily lead to oscillatory behavior in
collision avoidance due to the poor coordination between ships. To eliminate the oscillatory, a
Reciprocal VO (RVO) is proposed, which assumes the vehicles could share the duty of
maneuvers, which performs successfully in a crowd simulation with 1000 agents [180]. One
remark of this algorithm is that the agents cooperate without communications. Based on this
algorithm, the authors proposed an Optimal Reciprocal Collision Avoidance (ORCA) that
incorporates the optimization in searching the best collision-free velocity [181]. Based on these
developments, Cooperative Collision Avoidance (CCA) is proposed, which offers a solution to
handle non-holonomic constraint for the vehicle [148]. In [178], a Generalized VO (GVO)
algorithm is proposed, which accepts a relatively simple non-holonomic constraint on the
vehicle. Bareiss and van den Berg [182], later on, developed a general framework of GVO
algorithm considering different dynamics for unmanned vehicles, e.g., the wheel-based robot,
quadrotors, [182, 183], etc. These mentioned VO algorithms usually assume the trajectory of
an obstacle is known or predictable by a known and deterministic motion model, which is strict
in practice. Probabilistic VO (PVO) algorithm, then, is proposed to consider the uncertainty of
obstacles’ movement, and it has successfully applied in an experimental car to avoid collisions
with pedestrians [184]. Ellipse-Based VO (EBVO) [185], on the other hand, developed a VO
algorithm deal with ellipse-shaped agents. This technique was applied to the human-shaped
robot in a narrow passage, where the robot has to go through the passage by walking sideways.
From the above, it is clear that the family of VO algorithms expands its potential in numerous
applications.

In this section, the basic principle of VO algorithm and some of its variations are explained via
a ship to ship encountering scenario. The terminologies used in this section are declared as
follows. Two ships are encountering each other, say ship i and ship j. Ship i is under our control,
which is also named as own-ship (OS). Ship j is so-called target-ship (TS). The position and
the velocity of the ship are denoted as P and v . The subscript i and j indicate that the states
belong to ship i (the OS) and ship j (the TS), respectively. For instance, Pi(¢) refers to the
position of the OS at time . Additionally, since the workspace of the ship is two-dimensional,
Pi(?) is a vector containing two states.

4.2.1 Representation of the obstacle

In this section, the ship is represented by a geometric object. The collision between the OS and
the TS is represented by an overlap of two geometric objects where one represents the TS and
the other represents the OS.
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Figure 4.1 Illustration of two representations of ConfP (circular and elliptical).

If the geometric object of the TS is set at the origin, all the configurations of the geometric
object of the OS resulting in the overlap of two objects are named as “conflict position”, noted
as ConfP. An illustration is presented in Figure 4.1. If the position of the OS belongs to this set,
the OS is striking the TS located at the origin. The shape and scale of ConfP strongly depend
on the shape, the size, and the state of ships. If the OS and the TS are seen as two circles (with
radius 7; and rj, respectively), the ConfP can be formulated as:

ConfP(O,R)={P||P-0|<r+r,},

where P is denoted as a position in workspace and O is the origin of the workspace. If the ship
is modelled as an ellipse, the shape of ConfP is adjusted and presented in the lower panel of
Figure 4.1. When the ship is modelled as an ellipse, the course of the ship also influences the
shape of the ConfP. For simplicity, a circular representation of the ship is accepted in this
dissertation. Thus, ConfP shapes like a circle.

To formulate the position that leads to a collision with the TS at any position, a Minkowski
addition is employed, noted as @ , specifically:

P,® ConfP(0,R) 2{P|P=P,+p,vpeConfP(O.R)}, 4.1)

here p is any position in ConfP, P; is the position of the TS, and P is an arbitrary position in the
workspace.

4.2.2 Basic VO algorithm (Linear VO algorithm)

The basic VO algorithm is also noted as the LVO algorithm that assumes the movement of the
ship j is known, and the ship keeps its velocity. The task of the LVO algorithm is to identify the
velocity that leads to collision when the OS keeps such velocity in a period of time.
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Interpretation I
Step 1: formulate a necessary and sufficient condition of the ship collision at time #.

Equation (4.1) shows the condition that the OS collides with the TS. If the OS takes the relevant
position in this set, the collision between the OS and the TS happens. Thus, the OS will collide

with the TS at time £, if and only if the position of Ship i is in P (tf ) S Coan(O), ie.,
P(t,)eP (t,)®ConfP(O,R). (4.2)

Step 2: find a set of the velocity of the OS leading to a collision at time .

Expand the P, (tf) by P (t0)+\7l.(tf —to), which means the OS keeps a chosen speed in the
future, then:
P(t,)+9,(t,~t,) € P (t,)®ConfP(O,R). (4.3)

Solve this equation regarding v, , Equation (4.3) turns to be

o _B(t)-E()  ConP(O.R)

i

_— - =sV0(t,). (4.4)

A velocity of the OS satisfying Equation (4.4) means if the OS keeps this velocity from # to #,
the collision will happen at time #. SVO(tf) denotes a set of the velocity of the OS that satisfies
Equation (4.4).

Step 3: construct a set of the velocity leading to a collision at any time slice in the future.

Equation (4.4) collects a set of the velocity leading to a collision at time #. Thus, a set of

velocities leading a collision at any time is a union of sVO (¢), where ¢ E(lO,OO) ,1.e.,:

VO:OsVo(z):O[};(t)_g(to)@confp (O’R)J. (.5)

(1—1,) t—t,
The velocity in this set means if the OS keeps this velocity forever, a collision is guaranteed to
happen in the future (7, - ).

t

Step 4: formulate Linear VO with an assumption on the TS’s movement

The VO set identified by linear VO algorithm is denoted as L VO set. The term “linear” refers
to an assumption of the motion of the TS: the TS sails in straight-line with a constant speed and

course. In other words, B, (l‘ ) =b (fo) +\7j (Z —l‘o) . Substituting this condition in Equation (4.5),

the mathematical expression of LVO that is formulated as:

(Ji,. (to)w]@ Coan(O,R)] w
t / ’

t—t, t—t,

0

Lvo=|J

—

where, d;; (to) is the relative distance between ships at time 7, , i.c., (fo) -F (fo) :
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Figure 4.2 Illustration of Linear VO set following Interpretation 1.
(note: (a) is a geographical display; (b) is the LVO set neglecting the dimension of ship; (c) LVO considering the
dimension of the ship)

The first part of Equation (4.6) formulates the VO set ignoring ship’s dimensions, i.¢., a straight
line in Figure 4.2 (b). The point on this line can be re-formulated as: k(t) -d. (to ) + \7j , where

ij
k(t):(t—to)f1 and ¢ is the collision time. The second part of the equation considers the

dimension and ConfP is rescaled by k(t) and located at a point on the line & (t) . czj (to ) +V;.

Combining these two parts, a family of prohibited zones in the velocity space is obtained, and
the envelope of these zones is the LVO set, which is shaped like a cone. A demonstration is
shown in Figure 4.2 (c).

Interpretation I1
Step 1: collision between ship 7 and a stationary ship ;.

As long as ship i do not head to the ConfP surrounding the stationary ship j, the collision is not
going to happen. In other word, when the course of the ship i keeps pointing to the ConfP, the
collision will happen in the future.

The region of velocities pointing to the ConfP, i.e., the velocities leading to a collision, is
collected in Figure 4.3 (b), which is shaped like a cone. This cone is bounded by two rays
tangent to the ConfP. When the velocity of the ship i is in this cone, the collision will happen
in the future.

Step 2: collision between ship i and a ship j with a constant speed.

To reuse the finding in the previous step, i.e., (1), the ship j is treated as a stationary obstacle
and the ship / moves with the relative velocity, i.e., v, =v, -v,. Thus, the relative velocity

leading to a collision is falling in the cone shown in Figure 4.3 (b). As long as the relative
velocity of the ship i in this cone, the ship i will head to the ConfP and a collision will happen.
Figure 4.3 (b) shows the relative velocity that leads to a collision. To show the velocity of the
ship i leading to a collision, this region needed to be moved by v,. Then, the LVO set is

obtained, see Figure 4.3 (c).
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Figure 4.3 Illustration of Linear VO set following Interpretation II.

(note: (a) is a geographical display; (b) is the velocity resulting in the relative velocity heading to the obstacle; (c)
LVO of ship i)

4.2.3 Non-linear VO algorithm

The non-linear VO algorithm is an expansion of the LVO algorithm, which is proposed by
Large, Sekhavat [186]. This algorithm allows the TS to change its velocity during the collision
avoidance process, but these changes are known by the OS. The relevant VO set is noted as
NLVO set. A demonstration of NLVO is shown in Figure 4.4.

If the position of the OS is set at the origin, i.e., P (to) = [0,0]T , Equation (4.4) and (4.5) are
simplified to:

= Pj(t) Coan(O,R)
Y (t-1,) ® t—t, and 4.7
NLVO—CJ P](Z) €|_)Coan(O,R) 43
(-1, t—t, ' 48

In Equation (4.8), U(P] (1)@ ConfP(O, R)) is the trajectory of the TS in geographical space.
t

Then, NLVO is seen as the projection of this trajectory from geographical space into velocity

. o . -1
space via a projection function (t —to) .
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(1) Display of the encounter scenario
Figure 4.4 Illustration of encounter scenario and its NLVO set.
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(2) Relevant NLVO set



74 Supporting Human-Machine Interaction in Ship Collision Avoidance Systems

4.2.4 Probabilistic VO algorithm

The VO algorithms in Section 4.2.2 and 4.2.3 claim that the OS will strike the TS when the OS
selects and keeps a velocity in a VO set in a certain time. This argument strongly relies on the
quality of trajectory prediction of the TS, and it presumes the TS will follow the predicted
trajectory. However, when two ships are not cooperating, the prediction of the TS’s trajectory
would inevitably include uncertainties. Thus, the prediction of trajectory might contain various
possible trajectories instead of one unique trajectory.

To handle the non-unique trajectory prediction, Probabilistic VO (PVO) algorithm is proposed.
It assumes that the possible trajectories of the TS and their probabilities are known. The sum of
the probabilities is equal to 1. The VO set identified by the PVO algorithm is noted as PVO set.
A demonstration of the PVO set is in Figure 4.5 where the TS has three equal likely trajectories.

Given an arbitrary trajectory of the TS, say k-th trajectory, the relevant VO set is identified via
Equation (4.8), specifically:

o k
vo, = i" (tf)ea
Iy

(1, —1)

where UP/k (t f) is the k-th possible trajectory of the TS. Thereby, the whole PVO set is a
ty

Coan(O,R)
L, =1,

(4.9)

collection of all the VO sets with different possible trajectories, which is formulated as:

pro=|Jro,,
k=1
where 7 is the total number of possible trajectories of the TS. The probability of the TS choosing

the &A™ trajectory is noted as p(VOk) with:

> p(VO,)=1.
k=1

The probability of a velocity leading to a collision in this space has the following rules:

(4.10)

4.11)

(1) Three possible trajectories of the TS
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(2) PVO set with 3 possible NLVO sets

Figure 4.5 Illustration of encounter scenario and its PVO set.
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(1) When the velocity is out of PVO set, the collision will not happen. Thus,
p (collision|\7l. & PVO) =0.

(2) When the velocity is in PVO set, the probability of collision is equal to the probability
of the predicted trajectory. This probability is denoted by p(collision|\7l. € PVO) and

formulated as follows:

p(collision|y, e PVO) = Zn:p(collision |V, e VO,,VO, ) p(v, € VO, | VO, ) p(VO,)
k=1

- . (4.12)

=> p(v,e VO, |VO,)p(VO,)

k=

. - 1 ifv,eVO
where, p(collision |V, € VO,,VO, )=1, p(¥ e VO, |VO,€)={O : t‘}}; © k.
otherwise

4.2.5 Remarks
Remark 4.1
The apex (tip where the curves meet to form a sharp angle) of LVO set is determined by

17j , and the direction of the cone is determined by d i (Z‘O) , see Figure 4.3.

Remark 4.2
As the OS chooses its velocity v, close to the apex of the LVO set, i.e., a, the collision

time will be postponed.

Proof of Remark 4.2: A V, inan LVO set satisfies V, =k - cz.j (1)+V;. When 3 — v, we have

k- ‘Z/ (to) — 0. Since cz.j (l‘o) #0, we have k = (tf —t, )_1 — 0. Thus, #rneeds to be infinitely
large. That means the collision will happen, but in a far future. o
Remark 4.3

A set of velocities of the OS leading to collisions at #is a projection of the prohibited
region at #r from the workspace into the velocity space by a transition function 7(X) that

is defined as T(X(t)) =(r—1¢, )71 X(1).

By introducing T (') , Equation (4.4) can be rewritten as

B, esv0(t,)=T (Pj (t,)-P(t,))® ConfP(O,R) |- (4.13)
x()
X is the prohibited region around the TS at the time #. By projecting this prohibited region
from geographical space into velocity space via function 7(.X), a set of velocities leading to

collisions at #ris obtained. Correspondingly, the VO set is

VO=O{T[(PJ (tf)—B(tO))(JBCoan(O,R)}}. (4.14)
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Thus, a VO set can be seen as a projection of a series of prohibited regions from the
geographical space into the velocity space via a time-dependent transition function: 7 ().

From Remark 4.3, it is observed that the transition function is a monotonically decreasing

function. It means that if the collision time #r becomes infinitely large, (t =t ) approaches

toOand T (Coan (O.R )) goes to 0. In other words, the prohibited region is shrunk to a point;

otherwise, the prohibited zone is enlarged. This phenomenon is concluded in Remark 4.4:

Remark 4.4
As the OS chooses its velocity close to the apex of the VO sets, i.e., the small size of the
VO set, the collision time between two ships will be postponed.

4.3 Using VO algorithms in the HMI-CAS

To apply the aforementioned VO algorithms in the proposed HMI-CAS, several assumptions
are made:

1. The dynamics of the ship is ignored, and the ship is seen as a holonomic vehicle;
2. The trajectory of the TS is known or probabilistically predictable;
3. The ship is shaped like a circle.

Following these assumptions, the VO algorithms can help the HMI-CAS to identify collision
dangers and find collision-free solutions. Details are introduced in following sub-sections.

4.3.1 Design of interface

The LVO, NLVO, and PVO algorithms offer multiple solutions to the proposed HMI-CAS.
When the TS has confirmed its sailing intention that keeps its course and speed, the LVO
algorithm can identify the dangerous velocities. When the TS would like to take actions, and
its trajectory has been communicating with the OS, the NLVO set can collect the velocity
leading to collisions. When the OS has predicted the trajectory of the TSs with a certain
confidence, the PVO set can collect all the velocity that results in a collision with an

unacceptably high probability. All these sets are presented to human operators via an interface
of HMI-CAS.

The interface of HMI-CAS using VO algorithms has two modes that are shown in Figure 4.6.
In the left panel, a radar-mode interface is adopted. The rings in this mode show the speed of
the own-ship and the orientations are the course of the own-ship. In the right panel, a Cartesian-
mode is adopted, where the coordinates represent the speed in x-axis and y-axis respectively.
Both modes are identical, but using different presentation ways.

In these interfaces, the velocities resulting in a collision with TSs are collected in red regions,
and the one leading to a collision with banks is in grey regions. The current velocity of the ship
is presented in a black dot. Since this dot is located in the red region, the HMI-CAS suggests a
collision-free solution, i.e., the green dot. When the operators disagree with the HMI-CAS’s
solutions, they are allowed to choose another solution via the interface, e.g., the blue dot.
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Figure 4.6 Illustration of two forms of HMI-CAS interface.

4.3.2 Design of conflict detection

When the current velocity of the OS falls in VO sets generated by TSs, e.g., the presented
interfaces in Figure 4.6, the HMI-CAS would trigger the conflict resolution module to find a
solution. In the meantime, an early warning is triggered for reminding the human operators.

In principle, all the velocities falling in a VO set are unsafe for the OS, regardless of the position
of the velocity inside the VO set. However, according to Remark 4.4, as the velocity approaches
the apex of the VO set, the collision will be postponed to the distant future. In practice, ifa TS
will collide with the OS in the distant future, the TS is not seen as a threat since the OS has
sufficient time. Hence, the velocity which is in the VO set but postpones the collision beyond
a certain time threshold can also be seen as a collision-free solution for the OS. This time
threshold is called collision-warning time (i.e.: ¢").

Given an encounter scenario and collision-warning time, a VO set can be reconstructed as a
collection of the sub-VO set where the collision time smaller than ¢ ', i.e.,

ro={Jsvo(r). (4.15)

t<t'

This collision-warning time can be set by the human operator. An example is shown in Figure
4.7, where the red region is the VO set with collision-warning time ¢ ' .

A VO set, then, divides the velocity space into several sub-spaces, namely Si, S2, S3, and Sx.
Velocities in different sections lead to different outcomes, such as passing safely, postponing
the collisions and immediate collisions.

The OS’s velocities in S7 and Ss segment will lead to collisions in the future, but the time of
collision is different. The velocities in S7 segment will result in collisions before time ¢' , while
the velocities in Sz segment lead to collisions after time 7' . If the collision beyond time ¢' is
not a threat to OS, the velocity in S« can be temporary a collision-free solution.
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83

Figure 4.7 Illustration of the OS’s velocity space divided by a VO set.

The velocities in S2 and S3 are all permanent collision-free velocities for the OS. The velocities
in these two segments will make the relative distance always larger than the safety distance. In
particular, the velocities in S2 leads the TS to pass the OS by its stem, and the velocities in S3
leads the TS to pass the OS by its stern.

In summary, the velocities in S; lead to collisions within time ¢', which is dangerous for the
0OS, the velocities in Ss postpone the collision beyond ¢', and the velocities in S> and S3 are
collision-free velocities for the OS. This setting, in fact, increases the solutions of the HMI-
CAS when the OS works in dense waters.

4.3.3 Design of conflict resolution

The design of the conflict resolution module using VO algorithms is shown in Figure 4.8. Three
sub-modules are included: “Reference velocity” sub-module generates the reference velocity;
“VO algorithms” sub-module produces various VO sets, which has been introduced in Section
4.2; “New Resolution” sub-module find a new collision-free solution using VO sets.

Conflict Resolution
oty )
wp, . Referepce eV > vier
Velocity ‘ Lo
l | 3
v
Ve - ~.
' 0 _F *
> v, eVO —>» v, =V, —
T ;
Xi (f) = *
> . VO sets ) i
X, ( 1) VO Algorithms »  New Resolution >
—P

J- Spacg

Figure 4.8 Representation of conflict resolution module using VO algorithms.
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4.3.3.1 Reference velocity

To determine the time for the own-ship returns to its route the waypoints, a reference velocity
is needed. To calculate the reference velocity (r,; ), a constant speed is introduced that is the

economical speed of the OS, i.e., u,,.
wp: — X,
[wp: - x|

where wp, is the waypoint the ship prefers to reach and X; is the position of the ship at present.

I = Upo 5 (4.16)

4.3.3.2 New Resolution

When applying the VO algorithms, the VO sets are used to find a collision-free solution. The
rules for finding a collision-free solution are concluded as follows:
Rule 1: The OS is expected to choose its reference velocity, if r VO

Rule 2: The OS prefers to continue with its initial desired velocity VO, when V° ¢ VO;

Rule 3: A new V is chosen, which is close to its current velocity and satisfies V & VO.

Following these rules, the system firstly would check whether the reference velocity is inside
any VO sets. If not, Rule 1 is applied and the OS steers to the reference velocity. If yes, the
reference velocity is unsafe and the system will check whether the current velocity is safe. When
the current velocity is safe, Rule 2 is activated. Otherwise, Rule 3 is activated and a new
collision-free velocity is needed.

For Control Mode 1-2 in MASS type I and II, the captains and human operators can appoint
one solution outside of VO sets which is collision-free. For Control Mode 3-5 in MASS type
II-IV, the HMI-CAS either can find an arbitrary solution (velocity) outside of VO sets.

When the solution is selected, the “Control” system from the GNC system will track the selected
solution or the human operator can directly steer to the selected velocity.

4.3.3.3 Additional auxiliary for human operators

Theoretically, an arbitrary velocity outside of VO sets is a collision-free solution. However, in
practice, a specific one velocity from numerous collision-free solutions needs to be found. In
this chapter, the HMI-CAS would offer sufficient information to human operators and let them
determine the final actions.

A combination of VO algorithms and CPA indicators is proposed that is also a familiar way for
mariners on board. However, the calculation of the CPA needs to adapt to a non-linear motion
case. To distinguish from the traditional CPA, CPA* is denoted as the closest point of approach
when a TS is sailing non-linearly. The DCPA* is the minimal distance between the OS and the
TS and the TCPA* is the time to reach that scenario, which is formulated as:

D;,, = min{[F, -1 7, (1))

T* =arg mtjn{H{}i - Pj (t)H} ’ (417)

cpa

here \_/’; is a potential solution selected by operators and P] (f ) is the position of the ship at 7.
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DCPA* and TCPA* reflect the effects of the selected velocity. If a velocity has a bigger
DCPA*, this implies it can keep a relatively larger distance with ships in the future. If a velocity
has a small TCPA*, this indicates the encountering process will speed up and the OS will pass
the TS soon. In this way, human operators can know about the effect of the chosen velocity,
compare the different velocity options, and make proper decisions.

4.4 Comparison of VO algorithms with traditional methods

In this section, VO algorithms are compared with two traditional methods in maritime studies,
namely CTPA and CPA approaches. The CTPA from maritime studies, that is proposed in the
early 1980s [30, 31], is identical to one type of VO algorithms, i.e., LVO. Comparing with VO
algorithms, the CPA method might suffer from three limitations in terms of conflict detection
and conflict resolution.

4.4.1 Comparison with CTPA

CTPA and VO algorithms are both used to identify the velocity of the OS leading to a collision
with TSs. However, they have different assumptions about the motion of TS. CTPA presumes
the TS to sail linearly, while VO algorithms accept the non-linear motion of the TS, e.g., NLVO.

CTPA is developed from the CPA approach. Thus, they share the same assumption about TS’s
motion. In particular, the CTPA method identifies a set of velocities which will result in the

DCPA being smaller than a certain threshold [31], i.e., dp, < d,, ... The CTPA is shaped like
a cone in the velocity space, and its apex is numerically equal to the velocity of the TS.

VO algorithms, on the other hand, are not in replying to the calculation of CPA, and they can
be used in more generalized scenarios. In fact, the CTPA algorithm is identical to one special
case of VO algorithms, i.e., the LVO algorithm.

A velocity in LVO set, which satisfies Equation (4.2), leads to the OS violating the prohibited
region of a TS at a specific time in the future. It implies that the relative distance between the

OS and the TS will be smaller than the threshold (3¢ 2 4, , which satisfies |d, (¢)| < d,,.,)- Tn

thres

other words the smallest relative distance between ships is smaller than the threshold. This
smallest relative distance is also noted as DCPA. Therefore, the velocity belongs to LVO set
also belongs to DCPA smaller than the threshold, i.e., velocity belongs to CTPA. Thus, LVO
is identical to CTPA. The proof is addressed as follow.

Proof:
vellVO < 3

d, (I)H <d, . < min{

d, (z)”} <d, od.,, = min{

d, (r)”} <d, < veCTPA .5

4.4.2 Comparison with the CPA approach

DCPA and TCPA are conventionally employed as criteria to detect collisions. A TS whose
DCPA and TCPA are smaller than thresholds will trigger a collision alarm. Although this
method has been widely used, it has three shortcomings.
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Firstly, the CPA approach easily falls into two types of failures [71]: causing a nuisance alarm
during normal navigation, and; not raising the alarm until the collision is unavoidable. The main
reason is that the calculation of CPA is based on the observed velocities of the TSs at each time
slice. If a TS keeps its velocity, the position of CPA is stationary, and the value of indicators
(like DCPA and TCPA) is steady. In this case, the CPA criterion is accurate and consistent.
However, if the motion of the TS is non-linear, the CPA is always changing, and the value of
indicators is unsteady. As a result, the criterion will be unstable and inconsistent. In Section
4.5, two examples are presented that the CPA-based approach causes a false alarm.

Secondly, to find collision-free actions by the CPA approach is inconvenient. Mariners have to
try several virtual maneuvers before they can find a collision-free action. If the OS encounters
with multiple TSs, the action to avoid collision with one TS might lead to new collision risks
with others. Besides, any changes in the OS’s motion will influence the value of DCPA and
TCPA from different TSs, which increases the difficulties to find collision-free actions in
limited time.

Last but not least, the CPA approach neglects the shapes of the obstacles. The TSs and the OS
are seen as points. The CPA is calculated as the closest point that the corresponding TS can
reach. However, a collision can happen before the TS reaches the CPA, due to the dimensions
of the ships. Additionally, ships not only would encounter these small and regular obstacles but
also some huge and irregular obstacles, e.g., islands and coastal line. Since it is impractical to
regard these obstacles as points, CPA becomes ineffective for those obstacles.

VO algorithms can fill some of these gaps. Firstly, various types of VO algorithms are
developed to consider all kinds of motion assumptions on TS, e.g., linear, non-linear,
probabilistic. Secondly, the evasive velocities for the OS are visualized. All the velocities
outside of the VO set are collision-free velocities. Hence, the OS that is controlled by humans
or machines can avoid collision by choosing a velocity outside of all the VO sets. Moreover,
VO algorithms can deal with different obstacles. The coastal-line and the bank can be mapped
into the OS’s velocity space via Remark 4.3.
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(1) Hlustration of navigating the environment (2) Relevant VO sets

Figure 4.9 Illustration of VO sets in a restricted water area.
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Figure 4.9 demonstrates an example to project the coastal-line into the velocity space. The
coastal-line can be obtained from Electronic Nautical Charts (ENC). The left panel shows that
the OS placed at [0,5] NM sailing in an intersection connecting three channels and containing
one buoy. The buoy is located at [0, 5.1] NM with radius 0.025 NM. The right panel is the
velocity space of the OS. The blue region is the VO sets generated by the banks, and the red
region comes from the prohibited zone of the buoy. Collision-warning time is set as 10 min in
this case. Thus, the OS’s velocity in the blue or red region means collision will happen in 10
min. Any of the velocities outside of the VO sets can keep the OS safe in the following 10 min.

4.5 Case studies

4.5.1 Scenario 4-1: comparing with the CPA approach in a single encounter
(1) Settings

A target-ship with the non-linear trajectory is introduced to demonstrate the performance of the
NL-VO in the proposed HMI-CAS. Two ships are involved, namely the OS and the TS. The
configurations of these ships are presented in Table 4.2 and Figure 4.10. The safety distance is
R=0.16 NM.

Table 4.2 Scenario 4-1: settings of scenario

Origin Destination Speed Heading Ship length
[NM] [NM] [knots] [°] [m]

OS [0, 0] [-3, 6] 7.1 334 150

TS [1,1] [-9,1] 8 270 150

The TS shares her trajectory with the OS (see the blue line in the left panel of Figure 4.10).
Then, the relative distance between ships is shown in the right panel, which implies two ships
will have a collision in the future.

(1) Employing NLVO algorithm in HMI-CAS

Figure 4.11 shows the velocity space of the OS, where the right panel is the enlarged figure of
the left panel. In these panels, the velocity of the OS leading to a collision with the TS have
been collected in the blue regions, i.e., NL-VO set. The initial velocity of the OS marked in red
is inside the NL-VO set, which indicates the OS will collide with TS. Moreover, the NL-VO
set is allowed us to find the solution for OS. The velocity outside of the NL-VO set is potential
collision-free solutions. In the right panel, the yellow point that represents [-3.6,7.2] knots is
selected as one collision-free solution.

Figure 4.12 shows the situation when the OS accepts her initial velocity to the yellow point.
The new trajectory of the OS is presented in yellow in Figure 4.12. The new trajectory is close
to the original path, while the relative distance between OS and TS is always larger than the
safety distance. That means, the OS can pass the TS safely.
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Figure 4.12 Scenario 4-I: trajectories and the relative distance with a new velocity.
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(2) Employing CPA methods in the HMI-CAS

Figure 4.13 shows the evolution of DCPA and TCPA. The left panel shows the DCPA/TCPA
value when the OS keeps its initial velocity vi = [-3.15,6.35] knots. From the panel, it is found
that, when TCPA reaches 0, the DCPA is less than 0.16 NM, which means a collision happens.
Before the collision, it is hard to obtain feasible information by using DCPA and TCPA alone.
In particular, the value of DCPA and TCPA are not stable. The trend of TCPA is clear, which
is decreasing. While the value of DCPA is changed dramatically. At 0.05 h (3 minutes before
the collision), the value of DCPA is even larger than the safety distance, which may confuse
the mariners.

The lower panel in Figure 4.13 shows the DCPA/TCPA when the OS applies v: = [-3.6,7.2]
knots. As shown in Figure 4.12, this solution is safe for OS. While, in the figure, the DCPA
was below the safety distance before TCPA reaches 0. It also could lead to a false alarm for the
captain.
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Figure 4.13 Scenario 4-I: evolution of DCPA & TCPA with/without a new velocity.
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4.5.2 Scenario 4-11: comparing with CTPA in multiple-ship scenario
(1) Settings

The settings of the ships are shown in Table 4.3. TS1 sails with a constant course but accelerates
from 10 knots to 12 knots. TS2 sails from the East to the North with a speed of 9 knots and
turns to the North around [0.5, 2.5] NM. The dashed line in Figure 4.14 (1) is the planned
trajectories of the TSs. The velocities of the TSs at each moment are shown in Figure 4.14 (2).

The length of the ships is 150 m. Thus, the prohibited zone is set to be a circular area with a
radius of 0.16 NM. In the simulation, the collision-warning time is set to be 30 min, i.e., an
obstacle which might collide the OS beyond 30 minutes is not treated as a threat to the OS.

(2) Using NLVO versus CTPA (i.e., LVO) in HMI-CAS

Figure 4.15 shows the VO sets from the OS’s perspective. A point in this figure represents an
alternative velocity for the OS. In Figure 4.15 (1), two NLVO sets are identified: the red one is
a set of velocities leading the OS to collide with TS1 in 30 minutes; the blue one is a set of
velocities resulting in a collision with TS2. Since the OS’s velocity is in TS2’s NLVO set and
outside of TS1’s NLVO set, OS will pass TS1 safely, but collide with TS2. Specifically, TS1
will pass the OS from the OS’s stem safely, while the OS will collide with TS2 at the OS’s
starboard side.

Table 4.3 Scenario 4-11: simulation settings

Origin Destination Speed o Ship length
[NM] [NM] [knots] Course [°] [m]
oS [-0.1, 0] [-0.1, 10] 12 000-360 150
TS1 [-1.8,2.1] [2,2.1] 10to 12 90 150
270 at the beginning and turns to the
TS2  [2,2.5] [0,4] 9 North around [0.5 2.5] 150
12.9
4 I
| 12
351 | 1
| "5y Velogity of TS1
3t \ 1 — \elocity of TS2
25| e 825
s Z 105}
Z 2t TSI T T T T T T T TT =
> o 10
1.5 g 05|
g 9
05 85 -
0t . ;.OS j - 8 | ‘ ‘ | ‘ |
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Figure 4.14 Scenario 4-1I: multiple-encounter scenario and evolution of speed of TSs.
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The NLVO set from OS scope
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Figure 4.15 Scenario 4-11: VO sets of Multiple-ship encounter scenario at 0 [min].
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However, when the CTPA technique or CPA approach is applied, the opposite results occur. In
Figure 4.15 (2) and (3), the CTPA (identical to LVO) sets caused by TS1 and TS2 are shown
respectively. The OS’s velocity falls in the TS1’s CTPA set (in the light red region in Figure
4.15 (2)), but outside of TS2’s CTPA set (the light blue region in Figure 4.15 (3)). It indicates
that the OS will collide with TS1 and pass TS2 safely. Similarly, the DCPA and TCPA for TS1
and TS2 at time 0 implies the same result: the initial DCPA of TS1 is below the threshold (0.16
NM), while the initial DCPA of TS2 exceeds the safety distance (see Figure 4.16).

Figure 4.17 shows the relative distance between the OS and the TSs if the OS does not change
its speed. The minimal distance between the OS and TSI is larger than the safety distance,
while the minimal distance between the OS and TS2 is below the safety distance at time 15
min. That is to say, if the OS keeps current velocity, the OS will pass TS1 safely but collide
with TS2. Obviously, the argument made by CTPA and CPA at the beginning is wrong.

In fact, the CTPA and CPA approaches can identify collision dangers at the end, but the detected
time is much later than the NLVO algorithm. Figure 4.16 presents the evolution of TSs’ DCPA
and TCPA. From the figure, the TS1 is seen as a threat at the beginning, but this mistake is
corrected when its DCPA exceeds the safety threshold (around 4 min); On the other hand, the
real threat (TS2) is seen to be safe at the beginning and is confirmed to be a danger at 15 min
(4 min before the collision). In other words, in this scenario, the CPA based approach cannot
reject the false alarm until 4-5 min before TS1 passes the CPA, and the real thread TS2 cannot
be detected until 4 min before the collision.
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Figure 4.17 Scenario 4-1I: relative distance between ships.

(3) Supporting collision avoidance in HMI-CAS

The VO algorithms can not only detect the dangers earlier than the CPA approach but also
provide possible collision-free solutions to the OS. In this scenario, if the process in Section 4.3
is followed, the actions to avoid the collision with TS1 and TS2 can be determined. The
reference velocity heading to the destination can be calculated by Equation (4.16). The steps
include:

1. Danger detection. In the beginning, since the reference velocity and existing velocity are
identical, and both fall in NLVO sets. Thus, the OS will have a collision with TS in the 30
min, and it needs to seek a collision-free velocity.
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2. Choosing an evasive action: velocities outside the VO sets are the solutions. Two
alternative velocities are chosen as examples, namely, port-side solution and starboard-side
solution. As shown in Figure 4.18 (1), both velocities are the collision-free solutions for
the OS. They have the same speed of 12 knots, the port-side one needs a port-side turn to
355, while the starboard-side solution needs the ship head to 015. The solution with less
effort is chosen, i.e., the port-side one.

3. Return action: when the port-side turn is applied until 6.4 min, the desired velocity is
outside of the NLVO sets, as shown in Figure 4.18 (2). That means the desired velocity
will keep the relative distance larger than the set threshold (0.16 NM). Thus, the OS turns
back to its desired velocity until it reaches the destination.

Figure 4.19 shows the evolution of relative distance between OS and TSs when the proposed
evasive actions are applied. The minimum relative distance is larger than 0.16 NM. Therefore,
the OS can pass the TSs safely, and the proposed velocity is a valid collision-free option.
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Figure 4.18 Scenario 4-111: selection of a collision-free velocity using interfaces.
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4.5.3 Scenario 4-III: encountering with a TS in channel intersection

In this section, a scenario is discussed in which stationary obstacles and the uncertainty of the
TS’s trajectories are introduced.

(1) Settings

The layout of this scenario is shown in the left panel of Figure 4.20. Two ships are involved,
and three channels are connected in an intersection. One buoy is set at this intersection. The
width of the channels is 2 NM, and the prohibited zone of the buoy is a circle with radius
0.25NM. The detail settings of ships are shown in Table 4.4. Besides, collision-warning time is
set as 30 minutes for a moving obstacle and 10 minutes for a stationary obstacle, i.e., bank and
buoy.

Table 4.4 Scenario 4-11I: simulation settings

Origin Destination Initial speed [knots] Ship length [m]
(0N} [0.5, -4] [0.5, 6] 8.5 150
TS [-0.5,3] Unknown at the beginning 10 150

The trajectory of TS is assumed to be unknown at the beginning. However, the crew on the OS
can predict several possible trajectories. In this simulation, four possible trajectories of the TS
are employed. These trajectories are shown in different colors in Figure 4.20. At the beginning
of the simulation, each trajectory has an equal probability of being chosen as the real trajectory.
With updating observations, such as the position and velocity of the TS, the probabilities will
be updated.
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Figure 4.20 Scenario 4-I1I: encounter scenario and velocity space at 0 [min].
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(2) Supporting collision avoidance in HMI-CAS using PVO sets

In this case, the PVO algorithm is used to support collision avoidance in HMI-CAS. When the
OS’s velocity falling in a PVO set, the OS might have two strategies:

1. Choosing a velocity outside of all PVO sets immediately which guarantees no conflict
with the TS, i.e. p(collision|v, & PVO)=0, or;

2. Taking the risk and maintaining current velocity, until the predictions are relatively
accurate. To help mariners make a trade-off between these strategies, a probability
threshold is needed. If the probability of collision is less than or equal to this threshold,
the TS would not be seen as a thread temporarily, e.g., the threshold can be set as 50%.
That means, the OS can keep existing velocity until p(collision|v, e PVO) exceeds

50%, and then, it will choose a velocity outside of all the PVO sets.
In this scenario, Strategy 2 is demonstrated in detail.
(3) Simulation results

The right panel in Figure 4.20 is enlarged and presented in Figure 4.21. The colorful sets in
these figures represent the velocity might lead to a collision with TSs in 30 minutes, and; the
gray regions are composed of velocities causing a collision with stationary obstacles in 10 min.
The PVO set in Figure 4.21 is roughly divided into three parts: Zone 1, Zone 2, and Zone 3. A
velocity in Zone 1 will result in a collision in 30 minutes, no matter how the TS chooses a
trajectory; a velocity in Zone 2 will lead to a collision if the TS sails to the South; a velocity in
Zone 3 might trigger a collision with the eastbound the TS.

At this moment (t = 0 min), the current velocity of the OS is labeled as “+” and falls in Zone 3.
Additionally, this velocity is at the intersection of green and yellow NLVO sets, which implies
that if the OS keeps this velocity, the collision with the eastbound TS will occur in 30 min.
Since each trajectory has an equal chance at this stage, the p(collision|v, e PYO)=50% .

Thus, the OS can keep its existing velocity.
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Figure 4.21 Scenario 4-I1I: enlarged V-space of the OS at time 0 [min].
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At ¢ =20 min (Figure 4.22), the TS is turning to the East, which implies the probability of the
TS sails to South drops to 0, and the probabilities of the eastern route are increased to 100%.
Correspondingly, the probability of collision p(collision|v, €VO,,,, ) reaches 100%, and

evasive actions are needed. A velocity outside of the PVO set is an alternative for the OS, e.g.,
course 015 and speed of 8.5 knots is one feasible solution, which only requires a starboard turn.
If this velocity at this stage is chosen, the change of the PVO set is shown in the left panel of
Figure 4.23. The OS will keep this velocity until its desired velocity is outside of the PVO set.

The desired velocity is calculated by equation (17) and labeled as “*” in Figure 4.23.

Five minutes later (at 25 min), the desired velocity that is [-0.17, 8.49], is outside of the PVO
set. That means, the OS can choose its desired velocity, and the velocity will not lead to any
collision. Moreover, the OS passes the TS from the TS’s stem.

Figure 4.24 provides the relative distance between OS and TS with and without the proposed
evasive actions. As it was shown, without any evasive actions, a collision occurs, and the
proposed evasive actions are collision-free solutions for the OS.
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Figure 4.22 Scenario 4-I11: encounter scenario at 20 [min] with V-space.
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Figure 4.24 Scenario 4-111: relative distance between ships with/without evasive actions.

4.5.4 Discussion on the result of scenarios

In the previous sub-sections, Scenario 4-I~I1I show the scenarios when the OS encounters with
a single ship or multiple ships whose trajectory are non-linear but known or predictable. Three

techniques have been applied in these scenarios for comparison, namely VO algorithms, CPA
and CTPA.

The results of simulations show that the traditional methods have two problems: firstly, they
could not identify the real threats until 4-5 min before the collision; secondly, the indicator
DCPA rises and falls several times, which would confuse mariners (see Figure 4.16 and Figure
4.13). On the other hand, VO algorithms can overcome these problems. They can detect
collision risk earlier and show the potential collision-free solutions intuitively to mariners.

In summary, VO algorithms can be used to support collision avoidance at sea. Compared with
CPA and CTPA, VO algorithms perform better in some aspects. Especially, if the motion of TS
is changing, the results from CTPA and CPA are both unreliable even the motion is known or
probabilistically predictable, while the VO algorithms can detect collision dangers early and
reliably. Moreover, it is shown that the VO algorithm and its variations can help the captains to
identify the dangerous solutions and facilitate them to find a collision-free solution. Therefore,
it is believed that these VO algorithms have a wide scope of application in collision prevention
at sea.

4.6 Discussion

Applying the VO algorithms for collision prevention in practice still faces several challenges,
since the maritime environment is more complex than the simulator. Two main challenges and
relevant improvements are highlighted in this section.

Firstly, the ships that the OS encounters might be cooperative or non-cooperative. For the non-
cooperative ships, some of them have probabilistic trajectories. They are taken into account in
the Probabilistic VO algorithm. Some non-cooperative ships’ trajectories are fully uncertain,
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and the PVO set might be not reliable. The applied VO algorithms can only eliminate the
velocity leading a collision with those cooperative/probabilistically predictable TSs and let the
OS focus on preventing collision with TSs have fully uncertain trajectories. To solve this
problem, integrating prediction techniques with the PVO algorithm is necessary. For instance,
in [187], the Bayesian filter is integrated into the PVO algorithm to support collision avoidance
with the cars with uncertain trajectories. This combination would be considered in future work.

Secondly, VO algorithms figure out collision-free velocities, but these velocities are indifferent.
Specifically, the VO algorithms cannot tell the mariner which solution is safer or more fuel-
efficient. A possible solution is combining the VO algorithms with optimization theory. The
collision prevention problem then can be seen as an optimization problem. The cost function
could be the number of course alternations, the consumption of oil, total travel time, etc. The
VO set can be seen as a constraint to bound the feasible solutions. In this way, more practical
situations can be considered. For instance, the ship maneuverability and collision regulations
can be considered as additional constraints. By minimizing the cost function subject to
constraints, the human operators can find the best solutions which can achieve their objectives
while guaranteeing the safety. The relevant developments are shown in Chapter 5.

Lastly, the VO algorithms presented in this chapter ignore the dynamics of the ship, which
might result in system failure when two ships get too close. To handle this issue, incorporating
the dynamics model in VO algorithm is needed. The relevant developments are shown in
Chapter 5.

4.7 Conclusions

Chapter 4 is drawn to find out proper algorithms that stratify the demands on human-machine
interactions that are addressed in Chapter 3. Specifically, this chapter is to answer the research
question: What are the proper methods that support human-machine interactions in conflict
detection and conflict resolution of HMI-CAS?

The answers are concluded as follows:

- By overviewing conflict detection methods, it is found that many methods for conflict
detection are based on the concept of Closest Point of Approach (CPA) that is widely
used. However, the CPA method has a strict assumption that the TS is semi-dynamic,
1.e., keeps speed and course. In return, the methods relying on CPA easily fail when the
TS changes its movements.

- By reviewing conflict resolution methods, VO algorithms have been focused. In existing
conflict resolution algorithms, only a few algorithms can facilitate human-machine
interactions addressed in Chapter 3. They are Dynamic Window (DW), Decision Disc
(DD), and VO algorithm. DW might not be suitable for a dynamic environment since it
assumes that a stop of the vessel is always a safe solution. Moreover, DW and DD
methods are relying on the discretization of the solution-space. Thus, the solution
between the grids is not checked by these methods. It means that the operators cannot
validate the safety of an arbitrary solution, but choose the one from the grids.

- Velocity Obstacle (VO) algorithm and its variations are the ones suitable for supporting
human-machine interactions. Firstly, many variations of VO algorithms enable to detect
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the collision dangers when the movement of the target-ship is changing; Secondly, it
not only offers one solution to users but a velocity space that facilitate human operators.

In this chapter, Linear VO (LVO) algorithm, Non-Linear VO (NLVO) algorithm, and
Probabilistic VO (PVO) algorithm have been introduced and applied in the proposed HMI-
CAS. By showing the velocity space to users, the HMI-CAS enables to support the operators
to detect collision dangers, to find proper evasive solutions, and to cooperate with the
automation system.

By comparing the introduced VO algorithms with other existing techniques, some features of
VO algorithms are highlighted: (1) CTPA method from traditional maritime studies is identical
to the LVO algorithm, while VO algorithms have wider applications due to their variations; (2)
VO algorithms can detect collision dangers, no matter the trajectory of the target ship is linear
or non-linear, deterministic or probabilistic; (3) VO algorithms perform better to find collision-
free velocities in multiple-ships scenarios compared to CPA methods; (4) VO algorithms can
easily handle large and irregular size of obstacles that are challenging for CPA methods.

Three encounter scenarios are simulated to compare VO algorithms with traditional methods
and demonstrate the usage of VO algorithms in HMI-CAS. The results show that VO algorithms
are suitable to avoid collision with non-linear and predictable TSs. They can help mariners
detect collision earlier and easier. Moreover, they can offer collision-free solutions for mariners.

Applying the HMI-CAS using VO algorithms in practice still faces some challenges. Firstly,
the dynamics of the ship is neglected, which is unrealistic in practice. In some extreme
situations, the system might go to failure. Secondly, the HMI-CAS can identify collision-free
solutions, but it cannot determine which one is optimal. These two issues would be improved
in Chapter 5. Thirdly, if the human operators decide to tolerate the risk in HMI-CAS, what is
the bottom line, i.e., how can the operators be reminded to take actions in time. This question
is related to research question 5, which is answered in Chapter 6.



Chapter 5 Generalized Velocity Obstacle Algorithm
for Conflict Resolution in HMI-CAS

As many CASs, the HMI-CAS developed in Chapter 4 ignore the dynamics of the own-ship
and ignore the navigational regulations in conflict resolution. However, in close range the
ignorance of ship maneuverability might lead to failure of the CAS. To handle these issues, this
chapter proposed to employ the modified Generalized Velocity Obstacle (GVO) algorithm that
incorporates the ship’s dynamics and is suitable for the proposed HMI-CAS.

The structure of Chapter 5 is organized as follows. The backgrounds and motivation are
presented in Section 5.1, followed by the introduction of ship dynamics and controller design
in Section 5.2. The details about the modified GVO algorithm are shown in Section 5.3, and
the application of GVO algorithm in HMI-CAS is presented in Section 5.4, followed by
simulation experiments in Section 5.5. Section 5.6 discusses the major findings, and Section
5.7 concludes this chapter.
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5.1 Introduction

Many techniques have been developed for preventing collisions at sea. In the body of literature,
most research has many assumptions and are applied to specific scenarios, such as relatively
simple dynamics of the ship (e.g., holonomic vehicle), conflicts involving only a pair of ships,
and constant-velocity of target-ships. Details can be found in Chapter 2. Those assumptions
may make the methods not suitable for collision prevention in more general collision avoidance
cases. Moreover, most methods only provide one solution, see Table 4.1. If those methods
function as navigation assistance for human-operated ships, the operators have no information
about the decision processes. Consequently, they do not have choices but to accept the proposed
solution.

A family of Velocity Obstacle (VO) algorithms presented in Chapter 4 bridges some of these
gaps: VO algorithms enable to resolve conflicts with multiples moving obstacles (static and/or
dynamic); the algorithms collect all the velocities that result in collisions and present a set of
collision-free velocities for human/machine, which facilitates the search for the best option.
Today, these algorithms have been widely used for collisions prevention of various vehicles,
e.g., car-like robots [188], airplanes [189], unmanned underwater vehicles [190], etc.

5.1.1 VO studies on maritime studies

The advantages of the VO algorithms have been noticed by researchers in maritime engineering,
while researchers used different names, such as Collision Threat Parameter Area (CTPA) in
[31], Collision Danger Sector in [32], and methods proposed in [30] and [29]. The early version
of the VO algorithm at sea is noted as CTPA that was proposed in the 1980s [30, 31]. These
methods share the same characteristics with LVO algorithm [104]: firstly, they all collect
velocities which satisfy certain conditions (leading to collisions), i.e., DCPA is smaller than a
threshold; secondly, the moving obstacles keep constant velocity; thirdly, the own-ship can
adopt new course and speed simultaneously.

The LVO algorithm is popular in the maritime domain, due to its advantages over other
methods. For one reason, the LVO algorithm can provide identical conflict detection results as
DCPA/TCPA method. Moreover, it also provides the operators the conflict resolution. In
particular, the LVO set can be integrated into a Radar system, which could make collision
prevention more intuitive for the Officer On Watch (OOW). Pedersen, Inoue [32] showed that
this method could provide better support for the OOW in collision prevention comparing with
traditional Automatic Radar Plotting Aid (ARPA). Later on, a series of studies proposed to use
VO/CTPA algorithms for collision avoidance in various scenarios, €.g., restricted waters [34],
multiple-ship [131], incorporating with regulations [79], and unmanned ship [73]. However,
the application is still restricted due to its assumptions on the motion of obstacles. To overcome
this issue, the NLVO and PVO have been introduced in Chapter 4, which expands its
applications in the maritime field. Moreover, researchers found that NLVO also facilitates the
detection of collision candidates from historical data for risk analysis, see reference [191].

VO algorithms also attract much attention in the studies on ASVs. Many researchers have used
the VO algorithms and tested them with ASV prototypes. Benjamin, Leonard [29] used this
method to eliminate dangerous solutions and search for an optimal collision-free velocity for
ASVs. In [73], the VO algorithm incorporated with COLREGs is proposed to obtain rule-



Chapter 5 — Generalized Velocity Obstacle Algorithm for Conflict Resolution in HMI-CAS 97

compliant solutions. Additionally, Zhao, Li [79] combined the VO algorithm with an experts’
judgment system to meet regulations and seamanship.

5.1.2 Motivation

The main challenge of using VO algorithms in ship collision prevention is the violation of the
holonomic assumption in ship dynamics, i.e., the ship can change speed and course
simultaneously. This assumption might not influence the performance of the VO algorithm
when the distances between ships are large enough. However, in close range scenarios, this
assumption might fail collision prevention (as shown in Section 5.5.2). Thus, this chapter aims
at finding a suitable VO algorithm which discards the holonomic assumption and is capable of
handling the ship’s dynamics. A Generalized Velocity Obstacle (GVO) algorithm based on
[182] is used and modified for collision prevention in HMI-CAS. The main contributions of
this chapter are as follows:

(1) A modified GVO algorithm considering the dynamics of ships is used for collision
prevention in the maritime environment, which can be used to support collision
prevention with multiple dynamic obstacles;

(2) An optimization process is included to support the HMI-CAS to choose an optimal
collision-free solution considering a predefined cost function.

5.2 Ship dynamics and controller design

5.2.1 Vectorial representation of ship dynamics

The vectorial representation of ship dynamics introduced by Fossen [54] is used in this chapter,
which is formulated as:
{ 1=R(y)v

My =-C(v)v-D(v)v+t’ (5.1)

. T . :
where the system state is x = [nT VT] , and system input is T.

X u ,
n=|y|-v=|v|,t=|7, |-
4 r 2

Oy

v Y
Figure 5.1 Illustration of inertial frame {»n} and the body frame {»} for a ship
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1 contains coordinates and heading; Vis a velocity vector consisting of linear velocities (surge,
sway) and angular velocity (yaw). The control input vector is composed of surge force, sway
force and yaw force. M is a system inertia matrix (including added mass). C(v) is the Coriolis—
centripetal matrix and D(v) is a damping matrix. R(W) 1s a rotation matrix which is formulated
as:
cosy —siny 0
R(l//) =|siny cosy O0].
0 0 1

Equation (5.1) also can be written as:

[(Il &}X:[—C(gi{)g(v)v}m’ (5.2)

where, B=[03X3 | G ]T, IPisa 3-by-3 identical matrix and 07 isa 3-by-3 zero matrix.

5.2.2 Design of controller

A controller is designed to control the state of the system with respect to reference velocity.
Well known controllers include Proportional-Integral-Derivative (PID) controllers, robust £1,,
controllers, fuzzy controllers, etc. [192]. A comparison using P, PD, PID controller in HMI-

CAS is presented in Figure 5.2, where the system tracks an inputted velocity (surge speed: 0.1
m/s, sway speed: 0 m/s, and heading 058).

From these figures, it is found that the P controller might lead to an oscillating behavior, e.g.,
see panel (1) in Figure 5.2. PD and PID controllers help to eliminate the oscillatory. However,
the PID controller suffers from an integrator wind-up problem, especially when the system is
nonlinear (our system is nonlinear), see (3) in Figure 5.2. When the ship is turning, the sway-
speed increases and departs from 0. The integral term in the PID controller, then, accumulates
these errors and leads to an increasing overshoot. As a result, it takes a longer time for the PID
controller to let the sway-speed converge to 0. To avoid this problem, a further careful tuning
the PID controller is needed. On the other hand, the PD controller is relatively simple and
converges quickly. It provides a satisfying performance in velocity tracking, which satisfies our
demand for this research. Thus, a PD controller is used in this HMI-CAS.

With a PD controller, the input of Equation (5.2) is formulated as:
t=K, (u" - Vx)-K,Vx, (5.3)
where Kp and Kd are non-negative feedback gains; V is the observe matrix and u” is the desired
velocity:
u" 0 0 01 0O
uw=[v|[,V=(0 0 0 0 1 0.
v 0 01 0 0 O
By substituting Equation (5.3) into Equation (5.2), the control input is changed from the force
T to the desired velocity u:

b0 B, v |x= R(v)v +BK u’
0 M ‘ - —C(v)v-D(v)v-K Vx L (5.4)
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Figure 5.2 Comparison of using P, PD, or PID controller for tracking the desired velocity.



100 Supporting Human-Machine Interaction in Ship Collision Avoidance Systems

5.3 Generalized velocity obstacle algorithm

In this section, the basic VO algorithm and GVO algorithm are introduced, respectively.

Notations are presented as follows: Sub-index ; indicates the own-ship (OS) and Sub-index

refers to the target-ship (TS). The state of the system is denoted as a vector x which is in bold.
The position and velocity are denoted as vectors P and v. The superscript index * indicates the
value at time k. For example, x! is the state of the OS at time £.

5.3.1 Foundation of velocity obstacle algorithms

A collision occurs at time ¢, if and only if P, (¢) is inside P, (1)@ ConfP . An illustration is

shown in Figure 5.3. If the OS keeps its existing velocity, a collision will happen at time ¢, i.e.,
Equation (4.2) is satisfied. Since there is still time before the collision, the OS can apply a new

v, to change its position at time ¢ and to prevent the collision. The relation of the new v, and
new position P, (¢) is described in Equation (5.5). The idea of VO algorithm is using this
relation to collect all the v, leading to the position of the OS falling in P, (¢)® ConfP, and the

rest of velocities are safe for the OS at time ¢.

If the OS is a holonomic vehicle, the relation between position P, (¢) and input v, is:

P (t)=P (0)+v, 1. (5.5)
Those v, leading to a collision at time ¢ is collected in a sub-VO set that is formulated by
substituting Equation (5.5) to Equation (4.2), i.e., Equation (4.4).

Then, a set of velocities leading to a collision at any time in the future is a union of all the sub-
VO sets in the future, i.e., Equation (4.5). If the OS keeps a velocity in this VO set, a collision
will happen in the future.

P, (t)(-BCoan
P, (1)

P(0)=P(0) ¢ Shipi

Figure 5.3 Schematic sketch of the VO algorithm.
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5.3.2 Generalized velocity obstacle algorithm

The GVO algorithm is one of the VO algorithms, which is proposed to consider vehicle
dynamics and generalize the basic VO algorithm. The GVO algorithm presented in this section
is based on the original GVO from the reference [182], the trajectory of other agents are
assumed to be known (Section 3.4.1). The difference between the original GVO and the
modified GVO in this chapter can be found in Section 5.6.2.

Instead of collecting velocities leading to collisions, the GVO algorithm collects a set of
controls leading to collisions in the future that is named as UO set. Although the holonomic
assumption is no longer held, the construction of UO set follows the same line of thinking as
that of VO set presented in Section 5.3.1. The algorithm firstly formulates the position of the
OS at time ¢ with respect to control inputs and the dynamics of ships. This step is the most
challenging part due to the nonlinearity of ship dynamics. Subsequently, a set of controls
leading to a collision at time 7 is found, named as a sub-UO set, i.e., sUO set. Then, the union
of sUO sets is the UO set, i.e., a set collecting all the controls of the OS resulting in collisions.

Let the dynamics of the OS be described as a nonlinear ordinary differential equation (ODE):
x, =f (x,u,), (5.6)
where u, is control input, f; is a continuous-time equation of motion and x the system state

containing ship position P, velocity, etc. Thus, the position of the ship is obtained from the
system state via:

P.(1)=C-x, (1), (5.7)

where C =[17?,0”*] contains a 2-by-2 identical matrix and a 2-by-4 zero matrix.

The GVO algorithm consists of the following steps:
Step 1: the mathematical expression of the system xi(¢) in terms of control input u..

Due to the nonlinearity of the system, a linearization of this system about an initial trajectory is
needed. The initial trajectory is a trajectory of the system without additional inputs, noted as X,

, which is calculated via Runge-Kutta Integration with known initial state x° and input u°.
Figure 5.4 shows the initial trajectory of the OS ( 2) in the solid green line. In this way, the

state of the system can be formulated as:
X, (1)~ [ f,(x",u")dr + [ A%, (r)dz =%, (1)+ G (1) Au,, (5.8)
where Aw, is the difference between u” and real inputw;, ie. Au,=u,-u,(0), and

and B=ﬂ

ou

t

G(t)=[e"Bdz, with 4= a

5 . When the initial input u is kept, i.e.,
X
0

x’u

Au, =0, the trajectory of the OS is equal to the initial trajectory (2, in Figure 5.4). When
Au, # 0, the position of the OS is pushed away from P.. The new position is calculated via
Equation (5.7) and Equation (5.8), i.e., 2 +CG(t)Au,.
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P(0)=P(0) ~  Shipi
Figure 5.4 Schematic sketch of the GVO algorithm.

Step 2: Formulation of the sUO set.

A sUO(?) set collects all the Au, resulting in the position of the OS at time ¢ inside the
P, (1)® ConfP , which can be formulated as:
CX,(t)+CG(t)Au, e P,(1)® ConfP . (5.9)
Solving this equation, regarding Au,, leads to:
Au, € (CG (1)) [~ (P, (r)- P, (1)) ® ConfP | =sUO(1). (5.10)
This equation collects all Au, leading to a collision at time ¢. It means that a sufficient and

necessary collision condition will be satisfied (i.e., Equation (4.2)) if Au, falls in this set and

the ship keeps the control (uio +Aui) till time .

Step 3: Construction of UO set.

The UO set is a generalized VO set, which contains the changes of control leading to collisions.
Therefore, any Au, outside this set is collision-free. By combining all these sUO sets, the UO

set is obtained:

UO=OSUO(t). (5.11)

5.3.3 From GVO algorithm to VO algorithms

GVO enables to consider a non-holonomic system and holonomic system. When the vehicle is
holonomic, the outputs from GVO algorithm is identical to NLVO algorithm in Section 4.2.3.
For instance, when the vehicle is a holonomic vehicle, i.e., X, (f ) =f(x,v)=v,.

Step 1: x, (t)=v)t+Avt =P (t)+Avt;
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Step 2: sUO:%[ (vt— ())G—)Conﬂ)]:—v +1[ j(t)(-BConﬂD];

Step 3: UO:CJSUO(t):—v +U [ @Coan]
Then, the sufficient and necessary COIldlthIl of collision is:
Av, e U0 < Av, e, +U [ (—BCoan]@v eU [ C—DConﬂ’]@v e NLVO.

That means the result of GVO is identical to NLVO when the vehicle is considered as a
holonomic vehicle. Moreover, according to Section 4.1.1, the NLVO is identical to LVO when
the trajectory of the obstacle is invariant. Thus, GVO is considered to be a generalized
expression of a family of VO algorithms.

5.4 Using GVO algorithms in HMI-CAS

Different from VO algorithms, GVO algorithm incorporates the dynamics of the ship into
conflict resolution, which enables the system to offer a solution that is feasible and collision-
free.

In the proposed HMI-CAS system, the dynamics of the ship is assumed to be known, and the
PD controller is employed as a low-level controller tracking the desired velocity. The ship with
the low-level controller forms a new system whose dynamics is described in Equation (5.4).
The GVO algorithm is assigned as a high-level controller, which finds the desired velocity
tracked by the low-level controller.

To find the desired velocity leading to the ship collisions, Equation (5.4) is substituted in
Equation (5.6) and the steps from Equation (5.6) to (5.11) are followed. Then, a set of changes

in the desired velocity, i.e., All*, leading to collisions can be identified as a UO set. Since the
VO set and UO set are different, some modules in the HMI-CAS need different designs.

5.4.1 Design of interface

An illustration of the interface using UO sets is presented in Figure 5.5 (1), which shows
whether the ship is in danger and how the HMI-CAS assists users to avoid collisions. The point
in this space is the changes of control input that refers to the difference between the chosen

desired velocity and the initial desired velocity llo, ie., Au =u —u’. Thus, this space is also
called AU space. The red regions are the UO sets, and the controls outside of these sets are
collision-free. However, two modifications are made to facilitate human users.

(1) The desired velocity U is reduced to two degrees of freedom.

The desired velocity U has three degrees of freedom, which contains three variables, namely,

surge speed U , sway speed V , and heading . Thus, the UO set and the collision-free
solution are all containing three dimensions. For two main reasons, the degrees of freedom are

reduced, in particular, the desired sway speed is always set to be 0, i.e., v'=0.
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Firstly, the ship hull is not designed to sail by its sway direction. In principle, it is free for GVO
algorithm to choose a solution in surge speed »" or sway speed v". Thus, it is possible that the
machine finds a sway speed solution and the ship moves in its sway side only to avoid a
collision, but that is not common in practice. Secondly, a two-dimensional map is more popular
on board, e.g., radar figures, nautical charts, etc. So, the human users can easily read the UO
set like the nautical chart and radar figure.

By reducing the degrees of freedom, the AU space can be displayed in the two-dimensional
Cartesian coordinate system (e.g., Figure 5.5 (1)). Moreover, the horizontal axis is assigned to
represent the changes in headings and the vertical axis to represent the changes in speed. These
settings are expected to be friendly for human users.

Remark 5.1: The desired sway speed Vs always set to be 0, and the desired velocity u

remains with two degrees of freedom: # and .

Solutions leading to
collision with ships

Collision-free solution

Solutions leading to
collision with banks

A

® Initial desired velocity

® Suggested desired velocity

® Existing velocity
AU’ Space
(1) The original AU space

Solutions leading to
collision with ships

— Collision-free solution

— Solutions leading to
N collision with banks

@ |Initial desired velocity

® Suggested desired velocity

@ Existing velocity

AU Space
(2) The modified AU space
Figure 5.5 Illustrations of an interface of the HMI-CAS using GVO algorithm.
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(2) The origin of AU space is moved to the existing velocity of the ship

The origin of this AU space is the desired velocity outputted from the last control loop, i.e., the
initial desired velocity u’. The horizontal axis of AU space is the difference in the heading (

Ay =y —p"), and the vertical axis is the difference in surge speed (Au* =u —uo).

Since the initial desired velocity is not identical to the existing velocity of the ship, some outputs
might look strange for the users. For instance, three velocities are marked in Figure 5.5 (1),
which are an initial desired velocity (in black), suggested desired velocity (in green), and
existing velocity (in blue). The suggested velocity (by machine) advices the OS to accelerate
and adjust the desired velocity to its starboard side. If the users choose this solution, they
observe the ship still turns port side because the suggested velocity is still located at the port
side of the existing velocity.

To prevent the outputs incompliant with the feelings of human users, the origin of AU space
from the initial desired velocity should be moved to the real velocity of the ship. As a result,
the negative half-plane always means the port-side turns regarding the real velocity.
Additionally, any point in this space represents the difference between the alternative desired

velocity and the real velocity at the present time, i.e., AU =u —VX. An illustration of the
modified AU space is shown in Figure 5.5 (2).

Remark 5.2: The origin of the space that UO set is presented is moved from the initial desired
velocity u® to the real velocity at present, i.e., Vx .

By introducing Remark 5.1 and Remark 5.2, the AU space is modified to be more friendly for
human users to read, to interact, and to control the ship.

When the HMI-CAS delivers a solution to human, e.g., the green dot in Figure 5.5 (2), the
human operators can have two options to interact with the machine:

(1) If human operators agree with the solution offered by the system, they can authorize
the system. Then, the PD controller in HMI-CAS will track this solution as the desired
velocity, and the interface will be updated again;

(2) If human operators disagree with the solution by the system, e.g., rules violation, etc.,
they can find an arbitrary solution in AU space and input to the system, say A

Then, the machine would track a new desired velocity: U =Au™™" 4+ Vx.

5.4.2 Design of conflict detection

The proposed HMI-CAS also contains a conflict detection module to trigger the conflict
resolution module. The conflict resolution module is triggered if and only if the desired velocity
is located in any UO sets. For instance, if the existing velocity is in the UO set, but the initial
desired velocity is outside of UO set, the system would not find a new solution since the initial
desired velocity is collision-free for the ship. This setting prevents the system to find a new
solution that differs from the initial desired velocity, which is expected to reduce the oscillation
of the system.
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Since human operators have superiority over the HMI-CAS, the operators can terminate the
implementation of the solutions provided by the machine, i.e., Mode 3 in Table 3.4. However,
the conflict resolution is still triggered, which only offers suggestions to users. At the meantime,
the collision risk calculated by the proposed Time-varying Collision Risk (TCR) measure is
shown to the users in the interface, which is addressed in Chapter 6. The TCR reminds the users
of the “room-for-maneuver” for the OS.

5.4.3 Design of conflict resolution

The design of the conflict resolution module is shown in Figure 5.6. Three sub-modules are
included: “Reference velocity” sub-module generates the reference velocity that guides the ship
to its waypoints; “GVO algorithm” sub-module produces UO sets, which is presented in Section
5.3; “New Resolution” sub-module find a new collision-free solution using UO sets.

Conflict Resolution

- _F
wp, Referepce AL eUO —  wier  —
Velocity S _' ]
T i
u; F
- AW U0 —  u =u’  —

> ) U0 sets u;
x, (1) GVO Algorithm — New Resolution >
>

AU Space_

Figure 5.6 Representation of conflict resolution module using the GVO algorithm.

5.1.1.1  Reference velocity
“Reference Velocity” sub-module receives waypoints and produces a reference velocity. In this
chapter, the reference velocity is defined as:

ri(to)z [um,O,l//,,ef +1//]T, (5.12)
where U, is a constant speed, which is the economical speed of the OS;

W, 1s the relative bearing of the waypoints.

5.1.1.2  New Resolution

Two modes of conflict resolution are developed in HMI-CAS: COLREGs-aware mode and
optimal mode. One is considering navigational rules in finding a collision-free solution, which
is named as COLREGs-aware mode; The other neglects the regulations and finds a collision-
free solution via an optimization, which is named optimal mode.

(1) COLREGs-aware mode
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COLREGs-aware mode enables to offer a rule-compliant solution in some simple scenarios,
e.g., two-ship encounters. To explain the rules of conflict resolution, some vectors are defined
in advance: the vector Ar is the reference velocity in AU space which is formulated as:

0. . : o . 0_.,0
Ar =r —Vx ; the vector AW is the initial desired velocity in AU space, i.e., Au" =u —VX;
the vector Au is the alternative desired velocity in AU space, and the output desired velocity

is calculated by U =Au+ VX,

The following rules are employed to choose a new desired velocity, and they are presented in
order of priority:
Rule 1: The OS is expected to choose reference velocity r if Ar ¢ UO;
Rule 2: The OS prefers to continue with its initial desired velocity u® when Au’ ¢ UO ;
Rule 3: A new u" should keep its current speed, avoid port-side turn and satistfy Au ¢ UO;
Rule 4: A new u" is close to its current velocity and satisfies Au g UO.

Rule 1 means when the reference velocity is collision-free, the ship will choose the reference
velocity. This rule is with the highest priority, which helps the ship to follow waypoints.

Rule 2 indicates that if the current desired velocity is collision-free and the reference velocity
is not, the ship’s controller will still implement the current desired velocity.

Rule 3 shows the principle of the OS to find a collision-free solution compliant with COLREGs.
The expression “keep its current speed” follows Rule 8 in COLREGs, which encourages the
ship to find a collision-free solution via changing the course. Besides, “avoid port-side turn” is
introduced to comply with Rule 14, 15 and 17 in COLREGs (the relevant rules are listed in
Appendix I), i.e., find a solution in right half-plane.

The nearest collision-free solution is usually located on the boundary of the UO set. Thus, HMI-
CAS searches the intersection between the UO set and the positive side of the x-axis. The
intersection is a collision-free candidate. If the intersection is out of the feasible region, HMI-
CAS will search the nearest points on the boundary in the right half-plane. However, when the
solution on the boundary is chosen, two ships might get infinitely close to each other. To avoid
this situation, a small value& is added to the candidate. An example is shown in Figure 5.7,
Point A indicates the initial velocity, which is inside the UO set; Point B is the closest point to
A on the UO set, and it is the suggested collision-free desired velocity; Point C is the final
solution, which can be formulated as: AC =(1+¢)AB.

Figure 5.7 Illustration of finding an optimal solution using UO set with buffer & .
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Rule 4 is introduced when there is no COLREGs-compliant and collision-free solution within
the feasible range. In this urgent case, a collision-free control is found which is closest to the
current system’s state. Details of finding such a collision-free solution are explained by
Equation (5.13) to (5.15).

(2) Optimal mode

The proposed HMI-CAS also offers a mode which neglects the regulations, i.e., optimal mode.
The task of finding rule-compliant actions is assigned to human operators who are experts in
understanding rules. The HMI-CAS only offers an optimal solution to human operators.

The rules for finding a new desired velocity in HMI-CAS is changed as follows, and they are
presented in order of priority.
Rule 1: The OS is expected to choose reference velocity r if Ar ¢ UO ;

Rule 2: The OS prefers to continue with its initial desired velocity u’ when Au’ ¢ UO;
Rule 3: A new u” is close to its current velocity and satistfies Au ¢ UO .

When the reference velocity and the initial desired velocity are both unsafe, finding a new
solution is necessary. This problem can be modeled as a non-convex optimization problem since
the solution space R* \UO,, is non-convex.

The final control input for ship i not only needs to fall in R*\UO, , but also satisfy the
kinematic constraints, i.e., ¥ E[”min’”max] and y €[~y ... W e | » DOted as U . Thus, the

feasible space for ship i to prevent collision with ship j is U/* = UO; NU", see Figure 5.8

i

(1). Obviously, U’ is non-convex, and an approximation of feasible space is necessary.

ij
i.  Approximation of feasible space.

Firstly, a convex hull is employed to approximate the intersection of UO, and U;*"*, noted as
CH(UO!jﬂ(],?Ol‘"d), see Figure 5.8 (2). Secondly, the closest point on the boundary of

CH(UO, NU"*) to the initial desired velocity U’ is found, which is W

w= argmin Hu —ua°
ue&CH(UOU A bound )

’ (5.13)
where 0 refers to the boundary of a set. In [148], the authors reported when the target velocity
1s on the boundary of the VO set, two vehicles will approach each other infinitely close. Thus,
in this system, a repulsive term w is adopted with WI=W+W/ HWHVAV and w=0.02, as shown

in Figure 5.8 (3). Lastly, U/ is approximated via a linear constraint that is formulated as:

~ fea _ {u|(u —W)-(W —uo) > O} ifu’ e CH(UOU ﬂUihound)

i

{ul(u-w)-(w-u’) <0} otherwise (5.14)

In return, the feasible space becomes convex (see Figure 5.8 (3)).
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Figure 5.8 Illustration of approximation of feasible space U f” .
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ii.  Formulation of the optimization problem.

The collision problem can be formulated as a quadratic problem:

0
Minimize J_ (u)=(u —-u’ T[au } —_—
UO( l) ( i i ) 0 aw ( i i ) (515)
Sub_]ect tO: ui (= ﬂa{ea R ui e Uibound .

J#i
The matrix diagonal matrix is introduced to reflect the experience in ship navigation that course
turning is more popular in collision avoidance at sea, 1.e. a, >> a,, .

5.5 Case studies

In this section, simulation experiments are carried out to demonstrate the proposed HMI-CAS
using GVO algorithm in various encounter scenarios. The structures and settings of HMI-CAS
following the contents addressed in Section 5.4.

5.5.1 Setup

In this section, a scale model of the ship, “CyberShip II” [193], is employed. Details of this
model ship are attached in Appendix II. The ship is seen as a circle. Accordingly, a set of
positions leading to collisions (ConfP) is shaped like a circle with radius R and is defined as:

ConfP(R)={P|[P-0|, <R}, (5.15)

where R is the sum of two ships’ radius; O is the origin and P is a position vector.

Froude scaling law is used to link the scaled model and the real physical world. The scale factor
is set to ¢ =1/70. In the following sections, the units are all in scale system, otherwise
indicate. The details of links between scaled model and the real world refers to Table I1.2.

Feedback gains K; and Kd in Equation (5.3) are set as: Kp =diag([200, 10, 10]) and K4 = diag([2,
2,2]). The economical speed in Equation (5.12) is u,_,, = 0.5 [m/s]. That means the ship prefers

to sail 0.5 [m/s] in the scaled world, i.e., 8 [knot] in the real-size world. The small value &used
in Rule 3 and Rule 4 is set as 0.01.
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Some kinematic constraints are considered to determine a feasible range. Specifically, the

maximum turning is 90", the minimal speed is 0 [m/s], and maximal speed is 1 [m/s].

A simulator, which is employed to simulate the encountering scenarios, is developed in Matlab
2016b platform. The frequency of the control sequence is set as 1 Hz. The prediction horizon
1s 80 [s]. Runge-Kutta integration uses 0.1 [s] time-step. The ConfP is approximated as a 15-
sided polygon.

5.5.2 Scenario 5-1: VO algorithms versus GVO algorithm in heading scenarios

The performance of VO algorithm and GVO algorithm are compared in this section.
Specifically, a series of heading scenarios is simplified in which the relative distances between
OS and TS are different. These ships are “CyberShip II” with a length of 1.255 [m]. Thus, the
radius of ConfP and safety distance are both 1.255 [m], i.e., Li = 1.255 [m]. The OS is placed at
origin heading to the North, and its waypoint is set as (0, 28) [m].

When applying the VO algorithm, the VO set 1s used to find a collision-free solution instead of
UO set. Correspondingly, Rule 1~3 in Section 4.3.3.2 is employed.

The TSs in these scenarios have an identical motion feature but different initial positions. The
sketch diagram is shown in Figure 5.9. The distance between the OS and TS increases from 5L;
to 16L;. In total, 12 scenarios are considered. The details are shown in Table 5.1.

TS,

Table 5.1 Scenario 5-I: setting of heading scenarios

TS Position [m] Speed [m/s] Course [30]
/ oS [0,0] 0.5 000
s [0,(k+4)L ] 0.5 180

ship Note *: k=1, 2...12. L; is the length of the OS.

Figure 5.9 Scenario 5-I: illustration
of a series of heading scenarios.

The results are shown in Table 5.2. If the VO algorithm is applied in these scenarios, the safety
constraint might not always be satisfied. Particularly, when the distance is smaller than 9L;, a
collision cannot be avoided using the VO algorithm. On the contrary, the GVO algorithm
performs properly in these scenarios.

Moreover, in the scenarios (Heading 9, 11, 12, 13, 15) in which the OS and the TS successfully
avoid a collision, the VO algorithms require the OS to take more evasive actions than the GVO
algorithm. The main reason is that the dynamics of the ship is neglected in the VO algorithm.

When the VO algorithm offers one collision-free velocity (u* ), the OS needs time to steer to
the desired velocity, and this process needs time and space. After the OS reaches u, the

encountering situation has been changed. In the new situation, the previous u might become
unsafe, and a new collision-free velocity is needed. However, the GVO algorithm considers the
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ship dynamics, i.e., the algorithm takes the action time and space into consideration. Following
the solution provides by the GVO algorithm, the OS only needs one control to avoid a collision.

From these scenarios, it is seen that the GVO algorithm can perform better in close-range
scenarios. Moreover, when applying the GVO algorithm, the succession of small actions can
be avoided, which is advocated by regulations [194].

Table 5.2 Scenario 5-1: comparison of using VO/GVO algorithms to avoid collisions

Target Initial Dist. _ VO Algorithm _ GVO Algorithm
Ship L] Mlnlmal Sucgessﬁal No. of Mlnlmal Sucgessﬁal No. of

Dist. [m]  Avoidance u’ Dist. [m]  Avoidance u’
Heading 1 TS 5 0.992 X 5 1.730 N 1
Heading 2 TS; 6 1.134 x 6 1.631 N 1
Heading 3 TS; 7 1.154 x 8 1.434 N 1
Heading 4 TS 8 1.169 x 7 1.408 v 1
Heading 5 TS5 9 1.276 v 6 1.429 v 1
Heading 6 TS 10 1.225 x 6 1.339 v 1
Heading 7 TS, 11 1.265 v 4 1.327 V 1
Heading 8 TSs 12 1.357 N 4 1.355 N 1
Heading 9 TSo 13 1.325 N 4 1.349 v 1
Heading 10 TSy 14 1.2547 X 2 1.294 v 1
Heading 11 TSi 15 1.298 N 2 1.322 N 1
Heading 12 TSi 16 1.395 N 1 1.389 v 1

5.5.3 Scenario 5-1I: HMI-CAS using UO sets in a crossing scenario

Additionally, a crossing scenario is used to show how the proposed HMI-CAS using UO set to
find a solution that complies with navigational regulations. The setting of this scenario is listed
in Table 5.3, and the encounter scenario is shown in the left panel of Figure 5.10.

Figure 5.10 (1)-(3) show the interface of HMI-CAS at different time slices. In these figures, x-

axis and y-axis represent the changes in heading and speed, respectively. The origin refers to
no changes in heading or speed, i.e., Au=(0,0), which implies the OS keeps its velocity at
present. The “*” in red is the reference velocity shown in AU space, which is calculated by
the “Global Planner” module. The “0” in blue is the suggested control by the proposed system,

i.e., new desired velocity u" .

Figure 5.10 (1) shows the AU space at ¢ = 1 [s]. At this moment, the OS is sailing at its
reference velocity, and this velocity is its initial desired velocity. However, HMI-CAS detects
that Ar (“*” in red) is inside the UO set. That implies that Rule 1-2 are not held, and there is
a collision danger in the near future. Therefore, Rule 3 is activated, and the system searches a
new solution in the positive direction of the x-axis. Consequently, a solution Au =(0,0.3688)

is found (“0” in blue): the OS is asked to keep its speed and turn 0.3688 [rad] (or 21 [*]) to

starboard. The desired velocity (u*) then is the sum of velocity at present Vx and Au .
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Table 5.3 Scenario 5-11 : settings of crossing scenario
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Figure 5.10 Scenario 5-II: encounter scenario, interface of HMI-CAS, and relative distance.
(Note: (1) UO set at 1 [s]; (2) UO set at 11 [s]; (3) UO set at 19 [s]; (4) Relative Distance)

Figure 5.10 (2) shows the AU space at ¢ =11 [s]. Before this moment, the OS keeps the desired
velocity obtained at 1 [s]. However, then, HMI-CAS detects that Ar is outside of the UO set,
which activates Rule 1 in Section 5.4.3.1. Though the TS is just located on the straight-line
between the OS and its waypoint, the ship chooses to head to its waypoint. This solution
requests the OS to turn port-side and keep a speed close to the current speed.

In the following time, if there are no new conflicts with other ships, the OS will keep its
reference velocity » and heading to the waypoint. In Figure 5.10 (3), the AU space is presented
at 19 [s]. Since there is no UO set and the desired velocity (also reference velocity) is collision-
free, the OS is suggested to keep its desired velocity. The relative distance at each moment in
Figure 5.10 (4) shows that the HMI-CAS works properly and prevents a collision in this case.

Since human operators have a superiority over the HMI-CAS, they can intervene in the system
when the solution offered by the system is not satisfied. For instance, at =1 [s], the HMI-CAS
offers a solution, and this solution is presented in the interface. If the human operators do not
agree with this solution, they can choose another solution outside of the UO set and feed the
new solution back to the HMI-CAS. At ¢ = 11 [s], the system suggests returning to its initial
route, while the operators can postpone this decision by choosing the origin, i.e., to continue
the existing velocity.
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5.5.4 Scenario 5-11II: cooperative collision avoidance in a multiple-ship case

A multiple-ship scenario is designed to show the potential of the HMI-CAS in a more
complicated case. Three “CyberShip II” ships are employed, and they all have HMI-CAS on
board to determine their evasive action. The encounter situation is displayed in Figure 5.11.
The safety distance is set as 1.255 [m]. Other parameters are shown in Table 5.4.

Encounter Scenario

10 [

2y 0.2 @ No3

Y-axis [m]
o

No.1

10 5 0 5 10
X-axis [m]
Figure 5.11 Scenario 5-III: encounter scenario at O [s].

Table 5.4 Scenario 5-11I: settings of ships in multiple-ship scenario

Position [m] Speed [m/s] Course [30] Destination [m]
Ship 1 [-0.19,-5.02] 0.5 002 [0.30,8.03]
Ship 2 [-4.70,1.76] 0.5 200 [7.52,-2.82]
Ship 3 [4.74,1.64] 0.5 251 [-7.59,-2.62]

It is presumed that these ships are all installing HMI-CAS on board and they are capable of
knowing the trajectories of other ships. Thus, in the simulation, ships broadcast their trajectories
sequentially: when one ship chooses an evasive action, the updated trajectory will be
broadcasted to the others; then, the next ship finds a collision-free solution according to the
updated trajectory and broadcasts it; this process continues until all the ships find their
solutions. Additionally, if one ship could not find an available solution, it will keep its current
state, and other ships will try to find evasive actions. These settings result in a cooperative
collision avoidance scenario. For more discussion in cooperative collision avoidance, readers
can find more materials in [195].

Figure 5.12 shows the system states and the AU spaces of the ships at time 1 [s]. Figure 5.12
(1) shows the encounter scenario at 1 [s], and all the ships have found their collision-free
solutions. Figure 5.12 (2)-(4) show how Ship 1, Ship 2, and Ship 3 choose a collision-free
solution based on the UO sets, respectively. Ship 1 is the first ship to search its evasive action.
As shown in panel (2), a starboard turn solution was found, and the ship updated its trajectory
and broadcasted the changes to the others, see the blue line in panel (1). Then, Ship 2 determines
its evasive action according to the initial trajectory of Ship 3 and the updated trajectory of Ship
1. In the end, Ship 3 search its evasive action based on the updated information from other
ships.
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Figure 5.12 Scenario 5-III: encounter scenario and UO sets from each ship’s view at 1 [s].
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5.5.5 Discussion of case studies

Heading scenarios compare the performance of the VO and GVO algorithm. When two ships
have sufficient initial relative distance, both the VO algorithm and the GVO algorithm can find
collision-free solutions. However, when the initial distance decreases, the VO algorithm fails
to find a collision-free solution. Moreover, the VO algorithm usually offers a series of small
maneuvers, which is not encouraged by COLREGs (Rule 8(b)). From these perspectives, the
GVO algorithm performs better in conflict resolution than the VO algorithm under the same
condition.

The crossing scenario shows the capability of the proposed system in offering regulation-
compliant solutions. Here, it is demonstrated how the HMI-CAS searches a collision-free
solution automatically. Nevertheless, this method also can be used for supporting the human
operators. Specifically, the operators can either choose the solution suggested by HMI-CAS or
choose any collision-free solutions outside the UO set themselves.

The multiple-ship scenario shows the potential of the HMI-CAS in compliant encounter
situations. Using the proposed system, the ships can cooperate and search for the collision-free
solution automatically. In the simulation, the order of ships finding solutions are predetermined:
Ship 1 finds its solution firstly; then Ship 2 starts searching; and, Ship 3 is the last one. This
arrangement, in fact, gives Ship 3 a higher priority than Ship 2 and Ship 1. As shown in Figure
5.13, the routes of Ship 1 and Ship 2 are longer than the route of Ship 3. Ship 3 might even not
need to take evasive action if the actions Ship 1 and Ship 2 took have solved the collision
conflicts. As cooperation is not the focus of this chapter, this mode is introduced with priority
as an example of cooperation. For the reader interested in this theme, more cooperation modes
are found in [195].

5.6 Discussion

In this section, a comparison is carried out between the GVO algorithm and the VO algorithm
in the maritime environment. The differences between the modified GVO algorithm in this
work and other related works is also illustrated. Besides, the limitations of the GVO algorithm
and regulation-compliant issue of HMI-CAS are also discussed.

5.6.1 Comparison between the GVO and the VO algorithms

This chapter shows that both the VO and the GVO algorithm can support collision prevention
for the ship in many situations. However, the GVO algorithm has better performance in
providing a more reliable solution, and fewer control actions are needed for collision avoidance
than the VO algorithm.

From a theoretical perspective, the GVO algorithm is more suitable for ships in a dynamic
environment than the VO algorithm. The derivations of the VO and GVO algorithms both start
from the same collision condition, i.e., Equation (4.2): P (¢)e P, (1)@ ConfP . The disparity

starts from the calculation of the OS’s trajectories P, (t) . The VO algorithm assumes that the
ship can change its velocity immediately, while in the GVO algorithm, the calculation of P, (t)

depends on the ship’s dynamics. Therefore, P, () calculated by the second method is closer to
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the real ship’s trajectory. Thus, the GVO algorithm is more reliable than the VO algorithm in
conflict detection and resolution.

Since the GVO algorithm is a generalized version of the VO algorithm, some developments of
the VO algorithms can be directly applied to the GVO algorithm. For example, in Section 5.3,
the GVO algorithm is capable of dealing with non-linear trajectories of ships, which was
learned from the non-linear VO algorithm. It is also possible to integrate other VO algorithms
in GVO algorithm such as PVO algorithm [184], EBVO algorithm [185], RVO algorithm [181],
etc., which can expand its applications at sea.

5.6.2 Comparison of GVO algorithm with related works

The GVO algorithm in this chapter is based on the original GVO in [182]. The original GVO
algorithm is proposed for unmanned vehicles, such as wheel-based robots, drones, etc., in a lab
environment. Due to the differences in operating environments and application purposes, some
modifications have been made to accommodate to the maritime environment.

First of all, the existing GVO method assumes that each participant has complete information
about itself and others in advance, e.g., the dynamics of ships. However, this is not realistic in
the maritime environment. Therefore, in the current method, the dynamics of the ship and the
controls are not necessary to be completely known or observable to each other. Instead, it is
assumed that the ships can exchange their predicted trajectories, which is more realistic in the
maritime practice.

Secondly, although the existing GVO method can find collision-free options, they only choose
one optimal solution for unmanned vehicles. Readers also can see the reference [196, 197] for
more cases. In this chapter, the GVO is applied as a decision-supporting tool for human
operators. In HMI-CAS, the visualization of UO set and AU spaces make the decision process
of GVO clear for human operators. This characteristic makes that the HMI-CAS not only can
be used in the autonomous ship (MASS IV) but can also support decision making of human
operators in manned ships (MASS I) and remoted ASVs (MASS II&III). The detail of MASS
is addressed in Section 3.1.

Thirdly, the original GVO methods find an optimal solution via minimizing the changes in
control, irrespective of the rule of the road. However, in the maritime environment, the evasive
actions should be taken in compliance with navigation regulations. Thus, this chapter offers a
conflict resolution mode that finds a collision-free solution incorporating COLREGs instead of
only minimizing changes in controls.

5.6.3 Limitations of the proposed HMI-CAS

The HMI-CAS is based on the linearization of the ship’s dynamics via Taylor expansion, see
Section 5.3.2. As a result, there are errors between the predicted trajectory calculated by
Equation (5.8) and the actual nonlinear trajectory of the ship. When the difference between
alternative control and initial control is too big, the solution which the algorithm finds is not
guaranteed to be collision-free.
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To overcome this problem, four methods have been considered in this chapter, i.e., successive
linearization, enlarged buffer, increasing sampling rate, and reducing fluctuation. Firstly, the
successive linearization technique is used to reduce errors. Usually, the linearization of a system
is around its initial state in the first stage. Hence, errors are accumulated. In this chapter, the
system is always linearized around the estimated trajectory at each time step. Thus, the errors
are less than the errors in the usual approach by linearizing only at the first stage. Secondly, the
UO set is enlarged by a positive small factor & and w when the HMI-CAS finds a collision-
free solution, which can avoid the collision caused by linearization errors under most
conditions. Thirdly, the sampling rate in the HMI-CAS is increased to ensure that a collision-
free solution can be found in time. Lastly, Rule 4 in COLREGs-aware mode and Rule 3 in the
optimal mode of HMI-CAS are introduced to prevent the fluctuations and dramatic changes of
control inputs, e.g., from hard-port turn to starboard turn. Although these methods can work in
most cases, a rigorous proof is needed in future research.

5.6.4 Compliance with regulations

Rules of the road in COLREGs are considered in the HMI-CAS as Rule 3 and Rule 4 in Section
5.4.3.1. The experiment results show that these rules can help the system to find a COLREGs-
compliant solution. Moreover, though it was not the intension to let the system minimize the
number of control actions, the system automatically found one solution, which avoids a
succession of small changes in course and/or speed.

However, it needs to be remembered that these encounter situations are relatively simple. In the
proposed HMI-CAS, a simple rule was embedded and asked the ship to prevent to take port-
side turns. When the OS is the “give-way” ship, this behavior is rule-compliant, but the same
behavior is not advocated by rules when the OS is the “stand-on” ship. In this dissertation, the
question of finding a rule-compliant solution in various situations is left to human operators.
The machine offers one collision-free solution and the relevant solution space to human
operators, and human operators monitor and support the system to be rule-compliant.

Until today, developing a rule-compliant CAS is still an open question. To be rule-compliant,
the system at least needs to contain three key functions: (1) identification of encounter
scenarios; (2) selection of proper rules; (3) translation of ambiguous rules to specific actions.
Combining HMI-CAS with artificial intelligence methods could offer one solution. For
instance, HMI-CAS projects a dynamic encounter scenario as a static map into the solution
space, and it can store the decision made by human operators that is a point in the map. With
these data as inputs, a neural network can be trained with multiple layers to learn the choice of
human operators. In the end, the system can make a choice close to human operators who follow
the rules.

5.7 Conclusions

In this chapter, a generalized velocity obstacle (GVO) and its applications in the proposed HMI-
CAS are introduced. Moreover, the relevant modifications of the HMI-CAS are explained in
detail, which aims at facilitating human to use the system in collision avoidance.

Case studies of two-ship encounter scenarios and multiple-ship encounter scenarios show the
performance of the GVO algorithm and the HMI-CAS. The two-ship encounter scenarios show
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that the GVO algorithm is more reliable than the Velocity Obstacle (VO) algorithm: it is capable
of finding rule-compliant evasive actions for the ship, and fewer actions are needed to avoid
collisions. In the multiple-ship encounter case, HMI-CAS is capable of supporting multiple ship
collision avoidance problems.

After all, this chapter answers the research question in Section 1.3: How can ship dynamics and
navigational regulations be incorporated in HMI-CAS for conflict resolution? The answers are
drawn as follows:

- A modified generalized velocity obstacle (GVO) replaces VO algorithm in HMI-
CAS, which can consider ship dynamics in conflict resolution. In particular, the PD
controller and GVO algorithm are assigned as a low-level controller and a high-level
controller, respectively. Then, the input to the whole system is velocity, and the
changes on velocity leading to collisions are collected in UO sets;

- To facilitate human users, the interface of the new HMI-CAS is redesigned. Firstly,
the solution space is reduced from three dimensions to two dimensions, which
includes surge speed and heading; Secondly, the origin of solution space is moved
to the existing velocity of the ship, so that the solutions are more intuitive for human
users.

- Two modes of conflict resolution have been proposed in HMI-CAS, in which one
mode incorporates some simple rules from COLREGs to find a collision-free
solution, and the other employs optimization to find a collision-free solution. If no
rule-aware solution is found, the optimization is triggered.

Similar to the HMI-CAS using VO algorithms, the updated HMI-CAS also supports collision
avoidance in the manned and unmanned ships and supports human operators to intervene in the
automated collision avoidance, e.g., modify the solution found by HMI-CAS, validate the
manned solutions, postpone the execution of avoidance, etc. Then, one question comes up,
which is how can the collision dangers be detect before it becomes too late. This question is
answered in the next chapter.



Chapter 6 Time-varying Collision Risk (TCR)
Measures for Conflict Detection in HMI-
CAS

In previous chapters, the proposed Human-Machine Interaction oriented Collision Avoidance
System (HMI-CAS) enables to detect collision dangers, to find a collision-free solution, and to
cooperate with human operators. However, if human operators decide to postpone evasive
actions, how to prevent unavoidable situations is the main question, which is addressed in this
chapter. In this chapter, a new collision risk measure is proposed. The collision risk is measured
as the percentage of maneuvers in which the ship cannot avoid collisions, named as Time-
varying Collision Risk (TCR), which is used to remind the human operators to take actions in
time.

This chapter is organized as follows: Section 6.1 addressed the motivation for the new collision
risk measure. Section 6.2 introduced the proposed TCR measure, followed by Section 6.3 that
demonstrates the performance of TCR measure in various scenarios. Discussion and
conclusions are made in Section 6.4 and Section 6.5, respectively.
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6.1 Introduction

Various systems have been proposed to support conflict detection, which can be categorized
into two groups: collision alert system and collision avoidance system. The proposed HMI-
CAS is one of the collision avoidance system. Both types of systems can set off an alarm when
the ship is in danger, while the difference is the meanings of those alarms. One is for attracting
attention from the human operators (collision alert system), while the other is for triggering
evasive actions (collision avoidance system). A common ground of these systems is taking

measurements of collision risk. The alarm is triggered when the risk is exceeding a certain
threshold.

Risk usually associates with the level of safety/danger of systems. In quantitative risk
assessments, the risk is usually defined as a combination of probability and consequence of an
event, which is also interpreted as expected losses. However, the collision risk for preventing a
collision on board usually only focuses on the likelihood of a collision and the consequence of
the collision is seen as unacceptably high, i.e., infinitely large. In return, the measure of collision
risk focuses on estimating the probability of a collision event.

Two popular ways of assessing collision risk are concluded in Chapter 2. One group of studies
relies on experts’ knowledge. The other group of studies usually calculates the probability of
collision based on a simplified scenario. Some representative methods are collected and
presented in Section 2.4. These methods suffer from one or two following limitations.

(1) Independent of conflict resolutions

Many risk measures are independent of the conflict resolution. Then, the high risk does not
mean the collision is unavoidable or not. In return, these methods might result in one type of
failure that no alarm is given until the collision is unavoidable. The representatives of those
methods are CRI methods, Warning Ring methods, CPA methods, Probability Methods,
Dangers Region Methods, etc. Details of these methods are presented in Section 2.4.

It is a common consensus that good maneuverability contributes to ship safety [198], which is
also a motivation of engineers to improve the maneuverability of the ship. Better
maneuverability means the ship has more maneuver options than one with poor
maneuverability. More options indicate the conflict is easier to solve, and the ship has a higher
chance to avoid a collision and, therefore, a lower risk of collision. Unfortunately, few risk
measures can distinguish the risk change due to the difference in the conflict resolution.

Furthermore, the “bow-tie” theory from safety management can also be used to understand the
necessity of incorporating conflict resolution in collision risk assessment. In the “bow-tie” of
collision process, the “threats” are the target-ships, “top event” is a collision accident, the
“consequence” is ship damage, and the “barrier” is the maneuver from the Own-Ship (OS), i.e.,
conflict resolutions, see Figure 6.1. The traditional risk measures only appraisal the possibility
of the “threat” reaches the “top-event” and ignores the function of “barrier”, see Figure 6.1(1).
However, the OS enables to prevent the accident by using “barriers”, i.e., maneuvers or conflict
resolutions, see Figure 6 (2). Then, the assessment of the probability of “top event” needs to be
associated with “barrier”, i.e., conflict resolutions.
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Figure 6.1 Illustration of bow-tie model of collision event (1) with & (2)without barriers.
(2) Dependent on pairwise encounters

Most of the risk measures are based on the encounter scenario that involves a pair of ships and
ignores the impacts of other ships in risk assessments. In return, the changes in risk when the
OS encounters with one more ship cannot be reflected. That means these risk measures cannot
tell users the entire risk of collision when the ship encounters with multiple ships.

From the technical perspective, there are no agreements on combining various risk value in
each pairwise encounter into one number that represents the risk of the entire traffic. Some
operations would be alternatives, such as “average”, “sum”, and “maximum”, but they more or
less have some limitations. The “average” will underestimate the risk of the most dangerous
Target-Ship (TS); the “maximum” ignores the influence from non-conflicting TSs; the “sum”

offers limited information about the collision event in each pair.

Furthermore, when the traffic is decoupled in several pairs of ships, some information about
traffic is lost and some biases are introduced in collision risk assessment. The biases of risk are
caused by two aspects: (1) the risk caused by a non-conflicting TS is ignored. Although a non-
conflicting TS does not directly have a conflict with the OS, it might block some operations of
the OS which might result in an inevitable collision between the OS and another TS; (2) the
risk caused by traffic characteristics is ignored. For example, well-organized traffic seems to
be safer than the traffic in chaos (read Section 6.3.2 for more details).
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In this chapter, a new risk measure is proposed with the help of VO algorithms, which considers
both “threats” and “barriers”, i.e., the danger level of the approaching ships and the OS’s
solutions for avoiding dangers. Collision risk is defined as the probability of collisions in the
future, given the uncertainty in the OS’s maneuvers. The risk is formulated as the percentage
of the achievable maneuvers that lead to collisions. This risk measure reflects the OS’s room
for maneuver to avoid collisions with ships. A higher collision risk indicates fewer feasible
maneuvers to avoid collisions, and more confidence that the collision will happen. A lower risk
means more collision-free maneuvers, which implies that there are more chances to avoid the
collision. Moreover, this method is also suitable for assessing collision risk in multiple
encounters.

6.2 Time-varying collision risk measure

6.2.1 Definitions

There is no agreement on risk definition [199], but the risk is usually tied to probability and
consequences. Researchers developing collision avoidance/alert systems are more interested in
the probability of an unwanted event for preventing accidents [71]. In this work, therefore, the
definition of risk based on probability concepts [200] is accepted.

Definition (6.1): Risk is the probability of an unwanted event.

The unwanted event refers to a ship collision event in this article. In each collision event, at
least two ships are involved, i.e., an OS and a TS. Since the states of ships are time-varying, the
probability of collision is time-varying, which is named time-varying collision risk (TCR).

Definition (6.2): TCR is the time-dependent probability of the event that OS cannot
avoid a collision with TSs.

6.2.2 Idea of TCR measure

In TCR measure, the OS is modeled as a dynamic system. The position of the OS, say x, is
updated by its velocity v ,i.e., x = f(x,V). A collision is the overlap of the position of the OS

and a TS. Let K be a set of the OS’s states that triggers collisions, i.e., the un-safe set. Then, a
collision is described as an event that the trajectory of the system (the solid curve in Figure 6.2)
crosses an un-safe set K (the red region in Figure 6.2), i.e., 3r>1,,x ()€ y .

With different maneuvers, the trajectory of the system might cross or avoid the un-safe set, e.g.,
the dashed lines in Figure 6.2. Hence, the TCR at time ¢ can be formulated as a probability of
maneuvers leading the trajectory to cross the un-safe sets, i.e.,

TCR (1) =Y. p(collision[5 (1)) p (5% (7)) (6.1)

where p (ﬁi,xi (z)) is the probability of choosing v, given state of system (x;) at time ¢,

p(collision Vi, X, (t)) is the probability of collision given V, is chosen;

n is the total number of reachable velocities.
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Figure 6.2 Illustration of a collision process in OS’s state space.

Figure 6.2 illustrates the idea of TCR measure. A collision will happen at time ¢ if no actions
are taken. Any maneuvers before time ¢ will change the trajectories of the OS. Different
maneuvers could lead to different results, e.g., pass safely, near miss, and serious damage.
Assume that the un-safe set (the red region in Figure 6.2) is known and stationary; the ship in
Figure 6.2 has 4 feasible maneuvers at each time, and each maneuver has an equal chance. In
Figure 6.2 (1), at time #o, the system has two available solutions which can help the OS to avoid
the collision. Thus, the TCR at time 7o is 0.5. However, as time passes, the number of collision-
free solutions decreases. In Figure 6.2 (2) at time ¢’, only one maneuver is available for collision
avoidance, say v, . Therefore, the TCR at time ¢” increases to 0.75.

6.2.3 Implementation of the TCR measure

For the sake of convenient calculation, in this chapter, two assumptions are made to simplify
the TCR measure in Equation (6.1):

Assumption (6.1): The probability of choosing maneuvers yield to a uniform
distribution.
Assumption (6.2): The trajectories of the TSs are known.
From Assumption (1), the chance of choosing each solution in solution-space is set as equal. In

return, the bias from users’ preference is exclusive. Moreover, another distribution can also be
assigned to replace the uniform distribution when the user determines one solution.
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From Assumption (2), the motion of the TS is assumed to be known, which makes the un-safe
sets certain and invariant. Subsequently, given a \_’; , there is only one result: the trajectory of
the OS crosses the un-safe set, then p (collision |,,x,) =1, or the trajectory avoids the un-safe

set, which p (collision |V,,x,)=0.

Providing these settings, the probability of collision for the OS can be simplified as the
proportion of maneuvers leading to collisions to its all feasible maneuvers before a collision:

o () (7 1) =0 ©2)

where 7_igion (l‘ ) is the number of velocities leading to collisions at time ¢;

TCR(?) = Zn: p(collision
i=1

n(f ) is the number of reachable velocities before collisions at time ¢.

There are two keys to calculate the TCR in Equation (2): 1) identify all the velocities leading
to collisions; 2) find all the reachable velocities before the collision. Thus, two sets are defined:

Definition (6.3): Velocity Obstacle set (VO set) is a set of velocities of the OS which
could lead to collisions between the OS and the TSs.

Definition (6.4): Reachable Velocity set (RV set) is a set of velocities that OS can reach
before the collisions.

In Figure 6.3, VO set and RV set are shown, where the VO set is depicted as a red cone, and
the RV is represented as a green zone. The RV set is divided into several sub-areas by VO set,
namely Sr, Sc, and Si. The sub-area Sc is the intersection of VO set and RV set. It is a set of
velocities that the OS can reach, but will lead to a collision:

={71(¥, e RV)N(¥, e VO)!. (6.3)
The remaining sub-areas belong to RV set are collectively noted as S_ . The velocity in this set

is reachable for the OS, and it helps the OS to avoid the collision:
S, ={¥,|(¥, eRV)N(¥ & VO)}. (6.4)

According to Equation (6.2), the TCR for the OS can be interpreted as the proportion of the
overlap (S, ) to the RV set (S, + 5. ):

(S (¢ )) ’ (6.5)

TCR(t)

where N (-)means the size of a set;

S, (t) and S, (t) refer to corresponding sub-areas at time ¢.

A bigger sub-set Sc(f) on RV set shows the fewer solutions for OS avoiding the collision, which
indicates a higher risk (TCR(?)); a smaller Sc(#) implies adequate collision-free solutions and
means a lower risk (TCR(¥)).
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Figure 6.3 Illustration of VO set and RV set in velocity space of the OS.
(note: a point in this space represents a velocity of the OS: the axes indicate the course; the distance from the
pole represents the speed)

6.2.4 VO set in velocity space

The velocity leading to a collision is collected in VO set. To simplify the problem, it is assumed
that the ship is represented as a circle.

Assumption (6.3): The shape of ships is represented as circles in which the length of
the ship is its diameter.

The Assumption (3) is introduced to make the collision cone independent of ships’ shape, and
the headings of ships would not impact on the shape of VO set.

According to Chapter 4 and Chapter 5, there are two ways to collect the velocity leading to
collisions, i.e., VO algorithm and GVO algorithm.

6.2.5 RV set in velocity space

RV set is determined by the dynamics of the ship. The construction of RV set contains two
cases.

(1) Using GVO algorithm

If GVO algorithm is used to find the velocity leading to collisions, i.e., UO set, the construction
of RV set is equivalent to the problem that finds the boundaries of the desired velocity u* given

constraints on maximal input forces. Let say, the force in each direction is satisfying constraints:

6.6
T, STST,, (6.6)

where T,, is the lower bound of input force and T, is the upper bound.
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Then, Equation (5.4) is substituted into Equation (5.3) to have an expression of forces with
respect to the desired velocity u”, i.e.:

t=(K,-K )0 (K x-K ), (6.7)
([T o - R(y)v .
where, /1= ({0 M} +BKdVJ {—C(V)V—D(V)V—KPVX ’

(|0 BKVilBK
2= 0 M| P’

Combining Equation (6.7) and (6.6), the constraints on the desired velocity u* are derived:
-1 * -1 6.8
(K, -KJ8) (0 + K /x—KJf)<u' <(K, K 5)  (ra + K x—K 1), (6
Equation (6.8) is the reachable velocity set, satisfying the constraints on forces given a PD
controller.

(2) Using VO algorithms

One simple way is simplifying the dynamics of the ship as a holonomic vehicle, and define the
RV set as the maximal velocity one ship can achieve. Since backing speed is not common, the
RV set can be simplified as the half of the whole V-space of the OS, i.e., velocity in the front

direction accepts V, E[O, Vm] , and velocity in the sideway direction is V, E[—Vm,vm]. In this

case, the ship has ideal maneuverability.

Another way is decoupling the construction of VO set and RV set. Specifically, the RV set is
formulated as a problem of finding all the speeds one ship can achieve in a given time window.
In this case, many velocities become unreachable since the collision might happen before the
ship reaches such velocity. Thus, the area of RV set is shrunk compared with the one neglecting
ship’s maneuverability. The detail of constructing such RV set is shown in Appendix III.

6.3 Case studies

To demonstrate the performance of TCR measure in various scenarios, three groups of scenarios
are simulated. The measurement of TCR in multiple-ship encounters is shown in Group 1 in
Section 6.3.1, and that of TCR in different traffic modes are presented in Section 6.3.2. In
Section 3.3, a demonstration of TCR measurement considering ship dynamics and constraints
is shown.

In the following scenarios, the ship follows following assumptions: the chance of choosing each
solution is equal; the trajectory of the TS is known; the shape of the ship is represented as a
circle; the OS is a holonomic vehicle which can immediately change its velocity.

6.3.1 Scenario 6-1: performance of TCR measure in multiple-ship scenarios

Three encounter scenarios have been simulated to show the performance of the TCR measure.
In each scenario, the own-ship is placed at the origin heading to the North with speed at 10
knots, while the number of target ships is increasing from one to three:



Chapter 6 — Time-varying Collision Risk Measure for Conflict Detection in HMI-CAS 127

Table 6.1 Scenario 6-1: settings of scenario

Position [NM] Heading [30] Speed [knot] DCPA [NM] TCPA [h]
0S (0,0) 000 10.0 - -
TSI (0.65,-1.44) 358 16.0 0.5 0.25
TS2 (-2.45,1.80) 081 8.5 0.5 0.25
TS3 (3.38,3.02) 268 14.7 0.5 0.25

(1) Single-encounter case: the OS only encounters with one target-ship (TS1) whose DCPA
1s 0.5 [NM] and TCPA s 0.25 [h].

In a single-encounter scenario, the target ship (TS1) approaches the OS from its stern and TS1
blocks the starboard-turn options of the OS, as shown in Figure 6.4 (2). The blue area is the VO
set which collects the velocity of the OS leading to a collision with the TS1. The rest of the area
is collision-free for the OS, which also can be interpreted as the “room-for-maneuver”.
According to Section 6.2, the percentage of VO set shows the danger level of the OS, which is
0.749. That means, the ship still has 0.251 chance to avoid the collision.

(2) Two-ships-encounter case: One extra target-ship (TS2) is introduced whose the DCPA
and TCPA remain the same as those of the TS1.

When one more ship (TS2)is introduced whose DCPA and TCPA are identical to TS1, the entire
collision risk is undefined by traditional methods (e.g., CRI methods), especially the new ship
has the same TCPA/DCPA with the TS1. It can be expected that more ships in the same area
might increase the collision risk, but how to calculate the entire collision risk using the risk
value in each pairwise encounter is unclear.

The TCR measure offers a solution to this problem. One more ship blocks some extra “room-
for-maneuver”, which leads to less chance to avoid collision dangers, as shown in Figure 6.4
(2). As a result, the encounter scenario would be more dangerous than the previous scenario.
As indicated in the figure, the value of TCR, in this case, raises from 0.749 to 0.925, which
means the number of solutions for the OS to avoid collision decreases and the situation that the
OS faced becomes more dangerous than the previous case.

(3) Multiple-encounter case: the OS encounters with three target ships together, namely
TS1, TS2, and TS3. The details of the settings are presented in Table 6.1.

When the OS encounters with three ships together, the area of “room-for-maneuver” is further
shrunk, and TCR increases. However, the increasing range is less than the range when TS2 is
introduced because most of the solutions leading to a collision with TS3 is inclusive in previous
VO sets.

When the whole velocity space is occupied by the VO sets, i.e., the value of TCR reaches 1, the
collision becomes inevitable by the OS alone. At the moment, the cooperation among ships are
needed, i.c., the TSs also need to take evasive actions.

From these simulations, it is observed that the value of TCR would not reduce when one more
target-ship is introduced. The introduced ship might block several velocities that lead to
collisions, which increases TCR. In the extreme case, TCR would remain the same if the
introduced VO set is a subset of existing VO sets or the VO set is outside of the reachable
velocity set.



128

Supporting Human-Machine Interaction in Ship Collision Avoidance Systems

Y [NM]

Wy [knot]

Figure 6.4 Scenario 6-1: (1) multiple-encounter scenario and V-Space of the OS when the

'
N

12

10

layout of scenario: 3TS

_®
o TS3
TS,
0s
TS,
L All TSs:
DCPA = 0.5NM
TCPA = 0.25h
-6 -4 -2 0 2 4 6
X [NM]
(1)
V-Space of the OS: encounter with TS1 & TS2
VO of TS,
VO of TS,
— — —Outline
Ty
{
/
/
[/ TCR = 0.925
-10 -5 0 5 10
Vx [knot]
3)

Vy [knot]

Vy [knot]

12

1071

V-Space of the OS: encounter with TS1 only

VO of TS,

/ — — —Outline
J
/
f
{
/
/
/
/
/
i
/
/

/ TCR = 0.749
10 5 0 5 10
Vx [knot]

(2)

V-Space of the OS: 3 TSs together

VOofTS1

VO of TS2

VO of TS,

— — —Outline

1

7

7
v ! TCR =0.976

A

-10 5 0 5 10
Vx [knot]
(4)

ship encounters with (2) one TS, (3) two TSs and (4) three TSs.

6.3.2 Scenario 6-1I: well-organized traffic versus chaotic traffic

In this section, the influence of traffic modes on the measurement of TCR is shown. Three
scenarios are simulated, in which three target ships are involved, namely TS1, TS2, and TS3.
The same ship in different scenarios has the same DCPA, TCPA, and relative distance, while
the position and velocity are slightly different. For example, the TS1 in each scenario has
different positions and speeds, but the DCPA, TCPA, and relative distance remain the same.

(1) Well-organized case: three ships are grouped as a vessel train [49]. Specifically, these

vessels have the same velocity and keep the formation.

(2) Disorder case: each target ship keeps its relative distance to the OS in the first scenario,
but the bearings of each target ship are different, and the settings are shown in Table

6.2. (See Figure 6.5 (2));

(3) Chaotic case: the ship encounters with vessels from different bearings. An illustration

1s shown in Figure 6.5(3), and the settings are shown in Table 6.2.
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Figure 6.5 Scenario 6-11: illustration of three different traffic flows (1) well-organized, (2)
disorder, and (3) chaotic case.

Table 6.2 Scenario 6-11: settings of scenarios

Case Ship Position Heading Speed DCPA TCPA
[NM] [deg] [knot] [NM] [h]
(0N (0,0) 000 10.0 - -
TS1 (-0.29,4.99) 0.05 0.25
Case (1) orgar\l};/ze;ii- case TS2  (-0.19,4.00) 174 10.0 0 0.20
TS3  (-0.10,3.00) 0.05 0.15
TS1 (-1.23,4.84) 153 10.6 0.05 0.25
Case (2) Dis-order case  TS2 (0.14,4.00) 184 10.0 0 0.20
TS3  (-0.46,2.97) 161 10.1 0.05 0.15
TS1 (4.14,2.81) 265 16.5 0.05 0.25
Case (3)  'Chaoticcase TS2  (-2.56,3.07) 112 13.9 0 0.20
TS3 (2.98,0.40) 070 21.0 0.05 0.15

Many traditional methods cannot indicate the entire collision risk of the OS in these cases. CRI
methods and CPA methods are depending on the DCPA, TCPA, and relative distance, while
the DCPA, TCPA, and relative distance of TSs in each case are the same. Thus, the collision
risks between the OS with TSs are invariant. Hence, it might be concluded that the collision
risk in each scenario is the same. However, the OS in the last scenario seems to be more
dangerous than the others because the OS might not easy to avoid collisions.

The TCR measure can capture the difference in collision risk in these scenarios. Figure 6.6 (1)-
(3) show the layouts of each scenario and (4)-(6) show the V-space of the OS in relevant
scenarios. The value of TCR indicates that the collision risks in these scenarios are different,
which are 0.61, 0.62, and 0.93. The three VO sets from three target-ships have been identified
in each scenario.

In the first case, the traffic is well-organized, and all these VO sets are contained in one VO set
generated by TS3. That means, if the OS can avoid collision with the TS3, the ship can avoid
collision with TS2 and TS1, as well.
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In the second case, some solution preventing collision with TS3 cannot help the OS avoid the
collision with TS2, e.g., the OS turns port side by 90 degrees and reduces the speed to 2.5 knots,
1.e., [-2.5, 0] knots. Thus, the value of TCR slightly increases in this case.

In the last case, each VO set blocks different groups of maneuvers. For instance, the collision-
free solutions for avoiding TS3 (the bottom-left area) are blocked by TS1. That means, even if
the solution can help the OS to avoid the TS3, it might not avoid collision with TS1. As a result,
the collision danger is more difficult to avoid. Thus, the collision risk is high.
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Figure 6.6 Scenario 6-1I: TCRs and interfaces of the OS encountering with three traffic flow
((1)&(4) well-organized case, (2)&(5) disorder case, and (3)&(6) chaotic case).
(Note: the DCPA, TCPA and relative distance of one ship, e.g., TS1 in case 1, are the same as the ship in other

cases.)

6.3.3 Scenario 6-III: good maneuverability versus poor maneuverability

In the previous scenarios, the maneuverability of the ship is out of consideration. In this
scenario, the changes in TCR are investigated when the maneuverability of the ship is

considered.

Since the decision has to be made before a collision happens, the ship does not have infinite
time to change its motion. Given a time window, the ship with good maneuverability can
achieve more velocities than the one with poor maneuverability. For instance, the holonomic
ship can achieve arbitrary velocity immediately. However, when the ship has poor
maneuverability, the size of the RV set is shrunk since some velocities are infeasible in a given
time. In this scenario, the time window for taking actions is identical to Time To Collision
(TTC). The details of construction of RV set considering maneuverability is displayed in

Appendix I11.2.
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A two-ship encounter scenario is simulated, where the TS encounters with the OS from the
starboard side of the OS, see Figure 6.7 (1). The detailed settings are shown in Table 6.3.

The V-space of the holonomic ship and the ship with maneuverability are shown in Figure 6.7
(2) and (4) where the existing velocity of the OS is marked as blue “*”. The red regions in these
panels are VO sets whose sizes are equivalent. However, the sizes of RV sets are different.
When the ship is holonomic, the ship can obtain arbitrary speed smaller than the maximal speed,
and the changes of heading are usually smaller than 90 degrees in both sides. Thus, the RV set
is a semicircle, see Figure 6.7 (2). The RV set considering ship’s maneuverability is shown in
Figure 6.7 (4), where some velocities in the semicircle become infeasible since the time window
is limited.

From these figures, it can be seen that the ship with good maneuverability (Figure 6.7 (2)) has
a lower TCR than the one with poor maneuverability. This result is not surprising that the ship
with poorer maneuverability has fewer reachable solutions, thus a higher TCR, than the one
with good maneuverability, in the same condition.

Table 6.3 Scenario 6-111: settings of scenario
Position Heading Speed DCPA TCPA Radius

[NM] [30] [knot] [NM] [h]  [NM]
0S (0,0) 000 10.0 - - 0.10
TSI (3.378,3.451) 250 16 0 022  0.10
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Figure 6.7 Scenario 6-111: comparison of collision risk with good and bad maneuverability.
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In Figure 6.7 (3), the developments of the value of TCR are recorded, where the blue line shows
the TCR level neglects the maneuverability of the OS and the one in red is incorporating the

ship’s maneuverability. As shown, the TCR level is underestimated when the maneuverability
is neglected.

More details of RV sets at different time slices (168 [s], 336 [s], 504 [s], 672 [s]) are shown in
Figure 6.8. With time increasing, two ship approach to each other and more and more velocities
could lead to a collision. Thus, the VO set is enlarging. On the other hand, since the time to

collision is decreasing, the number of reachable velocities is reducing, and the RV set is
shrinking.

At time 504 [s], the time to collision is around 254 [s], and the ship still has time to apply
evasive actions, and TCR rises to 0.22. It implies that the OS still has sufficient time and space
to avoid the collision with the TS. At time 672 [s], the time to collision reduces to 86 [s], and
TCR reaches 0.97. That means, the OS is in an urgent situation and only the port-turning
solutions are feasible and collision-free for the ship.

When TCR reaches 1, it means there is no feasible solutions can help the ship avoid collisions.
That means, although the collision has not happened yet, the OS cannot avoid collision by itself.
Then, cooperation between ships would be needed.
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Figure 6.8 Scenario 6-11I: V-space of the OS during the conflict (before the collision).
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6.4 Discussion

This chapter introduced a novel collision risk measure, called time-varying collision risk (TCR)
measure. This measure is proposed to support the users to identify the moment in time to avoid
collisions, which is incorporating the resolution of conflict and is suitable for multiple-
encounter scenarios.

6.4.1 Using the TCR for collision prevention in HMI-CAS

The TCR measure is using the VO set to identify dangers. When the OS’s velocity is falling a
VO set of the TS, it indicates that the OS has a conflict with the TS. When the velocity is located
in an overlap of multiple VO sets, the OS has conflicts with multiple TSs simultaneously.

When the velocity of the ship falling in any VO sets, the HMI-CAS is triggered to offer a
collision-free solution to human operators. It means that the ship is suggested to take action.
However, in practice, the human operators might not take evasive actions immediately for
various reasons: firstly, the OS is a “stand-on” ship that is advocated to keep course and speed
by COLREGs rules; secondly, the human operators are risk-takers. In these two cases, there is
still a need to show the user the last moment to take evasive actions and value of TCR plays a
role.

The value of TCR shows the chance of the ship avoiding collisions, which offers support to
human operators using HMI-CAS. Specifically, when the operator decides to postpone the
prevention process by the machine, the TCR shows the margin of safety. The HMI-CAS still
can find an executable collision-free solution before the value of TCR reaches 1. However, if
the TCR reaches 1, it would be no collision-free solution and the coordination between ships
will be needed. Thus, the evasive action is suggested to be taken before the TCR reaches 1.

6.4.2 Features of the TCR measure comparing with other measures

Three main differences between the traditional risk measures presented in Section 2.4 and the
proposed TCR measure are concluded as follows. Firstly, the TCR measure incorporates the
chance of avoiding a collision. However, most of the risk measures ignore this part. Secondly,
the TCR measure maps all the obstacles into resolution space (i.e., V-space) together and then
assesses the collision risk, whereas the traditional measures decouple the traffic first and then
assess the risk in each pair of ships. Thirdly, the construction of the TCR measure is relatively
independent of the experts’ judgment.

(1) The proposed measure incorporates the ability of the OS to avoid a collision.

The TCR measure considers the maneuverability of the OS and conflict resolution in the
measurement of collision risk. In return, the measurement of TCR not only presents the danger
levels of the threats (TSs) but also reflects the ability of the OS to avoid dangers. When the
TCR exceeds the thresholds, it basically tells the officer on board that the coming threats (TSs)
are not only dangerous but also difficult to find a solution to prevent the collisions.

(2) The proposed measure assesses the collision risk of traffic as a whole.



134 Supporting Human-Machine Interaction in Ship Collision Avoidance Systems

The TCR measure assesses the collision risk as a whole, which can prevent biases caused by
decoupling the traffic into the pairwise. Specifically, the decoupling technique ignores the
influence of other ships and loses some information about the traffic. An example is shown in
section 6.3.2. A well-organized scenario is less dangerous than the traffic in chaos, even the
risk index of each pair in these scenarios remains the same. Most of traditional methods cannot
show these differences to the users, but the TCR measure could.

Moreover, traditional methods only show the risk in pairs and ignore the impacts of other ships.
Thus, if one solution reducing the risk in one pair of ships is found, it cannot be guarantees that
this solution can also reduce the risk in another pair. In some worse cases, this solution might
create some new conflicts. Thus, the users need to try and test the solutions in each pair of ships,
until they can find the one which reduces all the conflict in each pair of ships. Conversely, the
TCR measure assesses the collision risk as a whole, and it can directly identify collision-free
solutions to the users. The target-ship which is temporarily not in conflict is also considered in
the TCR measure. As a result, the solutions identified by the TCR method can solve all the
conflicts and would not create a new conflict.

(3) The proposed measure is independent of the experts’ judgment.

The measurement and the meaning of TCR are independent of experts, while the construction
of many traditional methods strongly relies on expert’s knowledge. Moreover, there is a lack of
general agreements on the parameters in traditional methods, e.g., CRI [71]. That means the
same scenario might have different CRIs and different conclusions when the different experts
are involved. On the other hand, the construction of the VO set relies on the obtained traffic
data, and the RV set depends on the maneuverability of the ship, which are relatively
independent of experts. Additionally, the meaning of TCR is also clear. When the value of TCR
reaches 1, then the OS inevitably collides with obstacles, even if the collision has not happened
yet. When TCR is 0.5, that means if the OS chooses the solutions randomly, the ship still has
50% to collide with other ships.

6.4.3 Remarks of collision risk for ship

Through three cases studies, some findings related to the changes in collision risk are
concluded.

Remark 6.1: collision risk would not reduce when the ship encounters one more ship.
(Section 6.3.1)

Remark 6.2: the collision risk is underestimated when the ship’s maneuverability is ignored.
(Section 6.3.2)

6.4.4 Potential applications

The TCR measure offers a new perspective to assess collision risk, which can enrich the tools
for risk-informed decision making on board and in a VTS center. In [71], researchers proposed
a framework for risk-informed collision alert, which helps share situational awareness between
experts and OOWs. Some widely used indicators are listed, but few indicators reflect the ability
of the ship to avoid a collision and consider the entire traffic. The measurement of TCR can be



Chapter 6 — Time-varying Collision Risk Measure for Conflict Detection in HMI-CAS 135

used as one indicator in this framework, which offers some information about the difficulty of
the OS ship to avoid collision with the entire traffic.

The TCR measure is also helpful to find collision candidates from historical AIS data, which is
more stable and less sensitive than the traditional methods. Estimation of collision candidates
is an essential task of assessing risk for waterway safety management. The traditional methods
are based on D/TCPA or ship domains, which easily overestimates the number of collision
candidates. For instance, a pair of ships might have a conflict with each other in a period of
time. The traditional methods would identify multiple collision candidates since the conflict at
each time slice is seen as one collision candidate. However, the TCR measure could
successfully identify this process as one conflict process with two collision candidates. For the
readers interested in this topic, more details are presented in [191].

6.5 Conclusions

The measurement of collision risk is a vital step for supporting situational awareness of the
human operators and for trigging collision avoidance in the HMI-CAS in time. This chapter is
drawn to answer the research question associated with conflict detection in Section 1.3: How
can the conflict detection module in HMI-CAS be improved, supporting that the human
operators take evasive actions in time? The answers are concluded as follows:

- Firstly, the existing techniques for conflict detection are overviewed and it is found
that these methods have two limitations on triggering evasive actions. (1) Most of
the existing measures assess the risk in the pairwise encounter, while the ship might
encounter with more than one ships. (2) The measured risk is usually independent
of the conflict resolution. Thus, the risk level addressed limited information about
whether the collision is avoidable.

- To overcome these issues, a collision risk measure, called Time-Varying Collision
Risk (TCR) measure, is proposed. The TCR is measured as the percentage of
maneuvering solutions leading to a collision in a reachable solution space. This
percentage also reflects the difficulty of avoiding an upcoming collision.

- The measurement of TCR is serving as an auxiliary tool in the conflict detection
module of the HMI-CAS. When the human operators plan to postpone the evasive
actions suggested by the system, this indicator shows the “room-for-maneuver” of
the ship and the operators need to decide before this indicator reaches 1.

The value of the TCR directly reflects the Officer On Watch (OOW)’s room for maneuver to
avoid a collision, which helps their awareness of the safety level of approaching ships. Three
features are highlighted: (1) it measures the collision risk considering conflict resolution; (2) it
measures collision risk of the entire traffic instead of decoupling the traffic, which is more
suitable in multiple-ship scenarios; (3) the measure is independent of experts’ opinions.

Simulation experiments are carried out to show the potential of the TCR measure. The results
show that the collision risk increases when the ship encounters with more ships, the
encountering traffic is in chaos, and the ship has a poor maneuverability. The evolution of TCR
shows the changes of risk that support the human operator to take evasive actions. The evasive
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actions from the OS should be applied before the TCR reaches 1, and when the TCR reaches 1
cooperation between ships is needed to prevent collisions.

The proposed TCR measure offers a new perspective on assessing collision risk, which not only
enriches the choices in the developments of risk-informed collision alert systems but also
supports the risk-based collision avoidance in multiple-ship scenarios.



Chapter 7 Conclusions and Future Research

This dissertation proposes a prototype of a collision avoidance system that supports Human-
Machine Interactions, which is named as Human-Machine Interaction oriented Collision
Avoidance System (HMI-CAS). The proposed system enables cooperation and interactions
between human operators and the automation system in collision avoidance, which can be used
in both manned ships and unmanned ships.

The main findings and the answers to research questions are addressed in Section 7.1. Section
7.2 discusses the remaining limitations and points out directions for future research.
7.1 Answers to research questions

The research objective of this study is to develop a collision avoidance system across manned
and unmanned platforms, which facilitates human-machine interactions (HMIs) during ship
collision avoidance. The main research question addressed in this dissertation is:

Main Question:
How can a Collision Avoidance System (CAS) be designed for both manned- and
unmanned ships considering Human-Machine Interaction (HMI)?

To develop such a system, the state-of-the-art of collision prevention techniques is investigated
in Chapter 2, where a generic framework of collision avoidance is explored. Based on that, a
CAS framework for supporting HMIs is proposed in Chapter 3, together with the requirements
on prevention techniques. By comparing the requirements and existing techniques, a family of
Velocity Obstacle (VO) algorithms are found and adopt for the development of the HMI-CAS
(Chapter 4). An improvement of the HMI-CAS in terms of conflict resolution is presented in
Chapter 5, which incorporates the ship dynamics and navigational regulations. Another
improvement takes place in Chapter 6, where a novel time-varying collision risk measure is
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proposed to support conflict detection. The simulations in Chapter 4-6 demonstrate the
effectiveness of the proposed HMI-CAS and the relevant methods.

Following the main research question, five sub-questions raised in Chapter 1 are answered.

Question on the state-of-the-art:
1. What techniques have been developed for collision avoidance at sea and what
research gaps can be explored in a generic framework?

Answer to Question 1:

To answer these questions, a generic framework of collision avoidance is proposed, which
consists of five modules: “Observer”, “Motion Prediction”, “Conflict Detection”, “Conflict
Resolution”, and “Controller”. The state-of-the-art techniques for “Conflict Detection” and
“Conflict Resolution” are the focuses.

Conflict detection is the main focus of conventional maritime studies, which aims at supporting
human on board in three aspects: finding approaching dangers, setting off warnings for caution,
and setting off warnings for evasions. The core of conflict detection is a measurement of
collision risk. Six categories of measures are found. However, most of the existing methods are
suffering from two limitations: (1) decoupling the traffic into multiple pairwise encounters; (2)
independent of conflict resolution. Thus, the existing measures are not suitable for triggering
evasive actions.

Conflict resolution gains remarkable attention in recent years due to the rapid development of
autonomous ships. Six groups of collision prevention methods are identified in the literature.
The advantages and disadvantages of these methods are given in Section 2.5.2. Two of the main
challenges are as follows: many methods ignore the ship dynamics in finding collision-free
solutions; incorporating navigational regulations is still an open question.

Moreover, the focuses of the studies for manned ships and unmanned ships are slightly different
and complementary. The research for manned ships concentrates more on conflict detection,
while the research for unmanned ships focuses on conflict resolution. Thus, it is natural to learn
the advantages of each other. However, developing unmanned ships with various autonomy
levels not only requires improvements in conflict detection and conflict resolution but also
incorporates a user-friendly design of autonomous systems. Specifically, the design of the
system supports various forms of human-machine interactions. Unfortunately, this kind of
design is less focused in the existing studies.

Question on the framework of HMI-CAS:
2. How can the framework of HMI-CAS be designed to support various modes of human-
machine interactions during collision prevention?

Answer to Question 2:

Chapter 3 firstly analyzes the demand on HMIs in various types autonomous ships, and then
concludes the essential modes of interactions during collision avoidance. The identified
interactions include “early warning”, “solution advice”, “automated solution execution”,
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“cooperation support”, “trajectory prediction”, “data collection”, and “turning off/on the
system”.

The proposed HMI-CAS system focuses on “cooperation support” and “solution advice”, which
are fundamental for MASS Type I-III and control Mode 1-4. The “cooperation” means that the
“machine” and “human” work together to find collision-free solutions. Five forms of supports
provided by machines for human operators are distinguished: one solution, an optimal solution,
finite feasible solutions, a set of feasible solutions, all sets of unsafe solutions.

To support autonomous functions, the framework of the HMI-CAS is similar to the typical
Guidance, Navigation, and Control (GNC) system. Nevertheless, to deliver information
between the human operators and the system, an interface is designed. This interface is
integrated into the “Local Planner” in the “Guidance” module of the GNC system.

Question on methodology:

3. What are the proper methods that support human-machine interactions in conflict
detection and conflict resolution of HMI-CAS?

Answer to Question 3:
A comparison of the existing collision prevention techniques is addressed in Chapter 4. Among
the methods, a family of Velocity Obstacle (VO) algorithms are found to be suitable for the
proposed HMI-CAS as they can collect the solutions leading to dangers and visualize the
solution spaces to users.

Therefore, a group of VO algorithms are applied to the maritime environment, e.g., Linear VO
(LVO) algorithm, Non-Linear VO (NLVO) algorithm, Probabilistic VO (PVO) algorithm.
Additionally, the LVO is identical to conventional techniques from the maritime studies, such
as Collision Threat Parameter Area (CTPA), Collision Danger Section (CDS), etc. However,
the variations of VO algorithms enrich their applications in practice.

Comparing with traditional methods, the VO algorithms do not presume that the TSs move with
constant speed and course. Thus, the HMI-CAS using the introduced VO algorithms is able to
incorporate various types of predicted trajectories, e.g., non-linear, probabilistic, etc.

Question on improving the conflict resolution module:
4. How can ship dynamics and navigational regulations be incorporated in HMI-CAS
for conflict resolution?

Answer to Question 4:

In Chapter 5, a modified Generalized Velocity Obstacle (GVO) algorithm is integrated into the
HMI-CAS. The GVO algorithm takes the controllers and the dynamics of ship into
consideration. Modifications are made when using the GVO algorithm in the HMI-CAS
framework.

Firstly, the interface of the HMI-CAS using GVO algorithm is re-designed to be user-friendly.
In particular, the solution space is reduced to two dimensions, so that the solution space can be
presented as a 2D map like nautical charts and radar figures which are familiar to the operators
on board. Additionally, the origin of solution space in moved to the existing state of the system,
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so that the chosen solution in solution space is compliant with the behaviors of the ship. For
example, the solution in the left-hand side of solution space represents the portside turning.

Secondly, to find a solution compliant with navigational rules, certain rules from COLREGs
are integrated to find collision-free solutions. The improved HMI-CAS enables to find rule-
aware solutions in certain simple encounter scenarios. Moreover, if there are no rule-aware
solutions, the HMI-CAS can also offer an optimal collision-free solution via an optimization
process.

Question on improving the conflict detection module:
5. How can the conflict detection module in HMI-CAS be improved, supporting that the
human operators take evasive actions in time?

Answer to Question 5:

In Chapter 2, the existing achievements and research gaps in conflict detection have been
discussed. The review shows that the existing risk measures have two limitations on triggering
evasive actions. In particular, most of the existing risk measures assess the risk in pairwise
encounters, and they are independent of the conflict resolution.

To overcome these issues, Chapter 6 proposes a new method that assesses the collision risk via
the solution space. Specifically, the collision risk is defined as the percentage of solutions
leading to a collision in a reachable solution space. This ratio reflects the difficulty of avoiding
the upcoming collisions, which incorporates ship maneuverability, and it is applicable to handle
the multiple-encounter scenarios. Simulation results show that the proposed measure is
compliant with common sense: collision risk would not decrease when the ship encounters with
more ships and when the ship has poor maneuverability.

This risk indicator can serve as an auxiliary tool in the conflict detection module of the HMI-
CAS. When the human operators plan to postpone the evasive actions suggested by the system,
this indicator shows the “room-for-maneuver” and the operators need to decide before this
indicator reaches 1.

In summary, a brief answer to the main research question is presented as follows:

The design of CAS needs to incorporate self-navigation of the unmanned platform and to
support interactions between humans and machines. Thus, the framework of the proposed
HMI-CAS adopts GNC as a foundation and adds an interface to support HMIs. However,
not all the GNC systems adding an interface can satisfy various demands of HMISs.

The prevention algorithm in the HMI-CAS is the key. The algorithm should not only be able
to avoid collision automatically but also can offer intuitive outputs for human operators to
read, to understand, and to interact. Then, a family of velocity obstacle algorithms, which
firstly visualizes the solution space and then finds an optimal solution, is found. Thus, a
HMI-CAS using generalized velocity obstacle algorithm is developed in this thesis. The
HMI-CAS has the functions of autonomous collision avoidance, visualization of the solution
space, and allows the human operators to modify the selected solution via the designed
human-machine interface.
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7.2 Recommendations for future research

In this thesis, a prototype of the HMI-CAS for a ship in the environment with multiple TSs is
proposed, which aims at supporting conventional ships or unmanned ships supervised
/monitored by human operators to prevent collisions at sea. Potentials of the proposed system
and challenging issues that require future research are listed below.

Recommendation on improving HMI-CAS for applying in practice.

In the proposed prototype, there are still some limitations that need to be overcome before
applying the HMI-CAS in practice:

(1) The uncertainties of ship dynamics need to be taken into account, which are introduced
due to environmental disturbances, simplification of models, etc.

(2) The development of the prediction module is necessary when TSs do not broadcast their
trajectories. Then, prediction algorithms are needed, and the confidence levels of
prediction are also required.

(3) A global planner would be incorporated in HMI-CAS in the future, which is needed to
prevent deadlocks. The deadlocks are the situations in which the ships block each other
in a way such that none of them can continue sailing without collisions.

(4) Incorporating the irregular shapes of ships in the HMI-CAS should be considered. In
narrow channels or waters with traffic separate scheme, the circular assumption on the
ship’s shape is no longer applicable. It might result in no collision-free solution in dense
waters and could lead to an overestimation of TCR.

(5) Under-actuated ships should be considered in future studies since most of the
conventional ships are under-actuated.

Recommendation on installing HMI-CASs in conventional ships to join the heterogeneous
traffic flow with unmanned ships.

This dissertation presents the applications of the HMI-CAS in one ship in detail. However, the
HMI-CAS is also applicable to supporting collision avoidance in a homogenous waterborne
traffic system. A demonstration is presented in [69], where all ASVs installing HMI-CASs can
successfully avoid collisions in an waterway

The next step, which is more attractive, is using HMI-CAS for a heterogeneous traffic system
in which autonomous ships and conventional ships are involved. This scenario would be
inevitable and essential on the road to an autonomous era. Some researchers have proposed an
elegant cooperative framework for traffic system with autonomous ships presented in [195],
which uses Alternating Direction Method Of Multipliers (ADMM) to help ASVs make
agreements on their future trajectories. However, the challenge is how to integrate the
conventional ship in this framework.

The HMI-CAS can play a significant role in this process. The HMI-CAS can help the
conventional ships to join the cooperative framework presented in [195]. A conventional ship
installing the HMI-CAS can exchange its trajectory with other ships and updates the solution
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space accordingly. The operators, then, can choose one collision-free solution from the updated
solution space. Then, the updated trajectory will be broadcasted. This process is repeated until
all the ships achieve an agreement.

Recommendation on cooperation between ships with low/no burden on communication

Many existing CASs applied in a traffic system require a huge burden on communication, e.g.,
HMI-CAS, Vessel Train Fleet, etc. That means these systems rely strongly on the reliability of
communication.

The GVO algorithm used in HMI-CAS enables the ships to cooperate with a low burden of
communication. All the ships assign their priorities in advance and share their responsibilities
to avoid collision according to the pre-set priorities, i.e., without needs for real-time
communication systems. However, this function is not costless. The dynamics of the ships need
to be known in advance. So that, one ship can calculate the total efforts need to spend for
avoiding collisions and then share the responsibility with the other ship via pre-set priorities.
This technique is also named as “generalized reciprocal collision avoidance”, see [181, 182].

The generalized reciprocal collision avoidance works with a pre-condition that all ships will
follow a protocol which determines the percentage of responsibility each ship should take in
collision avoidance. When this technique is applied in the proposed HMI-CAS, the dangerous
sets presented in the interface refer to the solution violating the protocol. If the other ship do
not aware of the violation, the collision would happen. As long as the protocol is followed, the
ship can avoid collisions with other ships. Based on that, the human operators are free to choose
one solution from the collision-free solutions.

However, such a cooperative system requires perfect information of all ships in the traffic
system (e.g., known dynamics, priorities, and protocol), and it cannot cooperate with a ship
using other prevention techniques, i.e. a heterogeneous ship.

Recommendation on applying navigational rules in the automation system.

Incorporating the navigational regulations to CAS has been a dream of researchers working on
this topic for decades. In a common effort, many CASs enable to suggest rule-compliant actions
in certain simple encounter scenarios. However, teaching the machines to understand the whole
regulations as captains is still challenging. To cope with this issue, three possible ways are
recommended to pay attention to (1) explaining regulations for the machine, (2) learning rule-
compliant actions from human, and (3) creating new regulations.

At the current stage, borrowing the knowledge from human operators via HMI-CAS is a
realizable solution, i.e., the second way. In the future, though the interactions with human
operators, the HMI-CAS can learn the experiences via artificial intelligent methods.

Generally, the regulations are not written for the machine. Thus, many terms are ambiguous.
Thus, quantifying the regulations for the machine might not be efficient. One line of thinking
is collecting the interaction data between human operators and HMI-CAS, especially the
interventions from human operators. These data are seen as labeled data, and then the system
is trained via the labeled data to learn the pattern of human operators. The HMI-CAS with
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learning function is expected to offer rule-compliant solutions that approach to the choices of
human operators.

Recommendation on studying the impact of using HMI-CAS in social-technical systems

The HMI-CAS is proposed to support the human operators in preventing collisions. Some
similar methodologies are tested in simulators, which shows the methods can facilitate the
mariners to detect dangers and to solve the conflict. However, awareness is also needed that the
possible negative consequence due to the misuse of the system.

In conventional navigational assistance systems, the solution space are not provided. Thus, the
captains may incorporate the safety margin to avoid collisions. That means the operators would
take safer solutions. However, when the solution space is presented, risk-takers may reduce
their safety margin (e.g., choosing a solution close to the dangerous set) to pursue potential
benefits (e.g., save time, save distance, etc.). From this perspective, whether the HMI-CAS
would make the whole system safer is unknown.

Therefore, it is necessary to carry a careful investigation of the safety of such a social-technical
system when a new technique is introduced. This step would be inevitable before this system
can be spread and used on board. One possible way is using agent-based safety risk assessments
[201, 202] to test the influences.

Recommendation on using the TCR measure in waterway safety management

In this dissertation, a family of VO algorithms is introduced for conflict detection and conflict
resolution on board. The potentials of the VO algorithms are not limited to supporting the HMI-
CAS. They can also be applied for the identification of collision candidates. Identification of
collision candidates from historical AIS data 1s a fundamental step for assessing collision risk
for waterway safety management. In [191], NLVO algorithm is applied to detecting collision
candidates, which is more efficient and stable than traditional methods. However, as many other
methods, the applied VO algorithm detects collision dangers based on pair-wise encounters,
which departs from reality. It would be interesting to use the VO algorithms to identify collision
candidates in multiple-encounter scenarios, which supports revealing the mechanism of
collision in multiple ships scenarios. The output can be used to support the safety management
in waterway intersections.






Appendix I Parts of COLREGs Regulations

A brief overview of the main operational requirements of COLREGs [194] related to our
research is listed in this section:

Rule 8: Action to avoid collision.

(a) Any action taken to avoid collision shall be made in ample time. (b) Any alteration of course
and/or speed shall be large enough and a succession of small alterations of course and/or speed
should be avoided. (¢) If there is sufficient sea room, alteration of course alone may be the most
effective. (d) Action taken to avoid collision with another vessel shall be such as to result in
passing at a safe distance. (e) If it is necessary to avoid a collision, a vessel shall slacken her
speed or take all way off by stopping or reversing her means of propulsion.

Rule 13: Overtaking.

(a) A vessel shall be deemed to be overtaking when coming up with another vessel from a
direction more than 22.5 degrees abaft her beam. (b) Any subsequent alteration of the bearing
between the two vessels shall not make the overtaking vessel relieve her of the duty of keeping
clear of the overtaken vessel.

Rule 14: Head-on situation.

When two power-driven vessels are meeting on nearly reciprocal courses so as to involve risk
of collision each shall alter her course to starboard so that each shall pass on the port side of the
other.

Rule 15: Crossing situation.
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When two power-driven vessels are crossing, the vessel which has the other on her own
starboard side shall keep out of the way and shall, if the circumstances of the case admit, avoid
crossing ahead of the other vessel.

Rule 16: Action by give-way vessel.

Every vessel keeping out of the way of another vessel shall, so far as possible, take early and
substantial action to keep well clear.

Rule 17: Action by stand-on vessel.

The stand-on vessel shall keep her course and speed, except two cases: (i) the vessel required
to keep out of the way is not taking appropriate action in compliance with these Rules; (i1) the
vessels are so close that collision cannot be avoided by the action of the give-way vessel alone.
The vessel which takes action in a crossing situation in accordance with case (i) of this Rule to
avoid collision with another vessel shall not alter course to the port side of a vessel on her own
port side.



Appendix II Parameters of CyberShip 11

CyberShip I is a scaled ship model with m = 23.8 kg and L» = 1.255 m. The settings of these
parameters are presented in Table II.1.

Table II.1 The parameters of CyberShip II [193]

m 23800 | Y  -088965 | N, 0.03130

v

I, 1.760 Y, -100 N,  -1.900
X, 0.046 Y 7250 N, -00
X, 072253 | Y. -00 N, -10
X, -20 Y, -0.845 Ny, 008

Xy -132742 | Y, -36.47287 | N}, -0.750
X -5.86643 | Y, -0.805 Ny, 0130

Y, -3.450 Ny, 395645
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Froude scaling law is applied in the simulation to link the scaled model and the real physical
world, see Table II.2. The gravity keeps the same in scale model and the real world. The scale

of length is  =1/70. The scale of velocity and time are Ja . Thus, the speed of the scale
ship is 0.5 [m/s] is approximately equal to the full-scale ship speed 4.2 [m/s] (roughly 8 [knot]).

Table I1.2 The scale relations between the model and the real world (a=1/70)

Scale Model Real world Relation
Gravity gm [m/s?] gs [m/s’] gn =8
Length L [m] L [m] L =al,
Speed Vin [m/s] V,[m/s] vV =+JaV.

Time Tm [S] TS [S] Tm = \/;Tq




Appendix III Construction of Reachable Velocity
Set

A RV set is used to figure out all the reachable velocities of the OS before collision. In this
appendix, one way to construct RV set is shown that is decoupling with construction of VO set.
This RV set is a function of time to collision and existing velocity of the OS. A RV set with a
time window 7 and the initial velocity \7, is noted as RV (v,,7), see Figure III.1. The yellow

zone is the RV set of the OS regardless of the TTC (Time To Collison). The green zone is the
RV set considering the TTC (i.e., RV(v,,z =TTC)).

The angular range of RV (v,,7) reflects the turning ability of the OS, and the radius range of

RV (v,,r) shows the acceleration/deceleration ability. A bigger time window or better

maneuverability contributes to a larger RV set.
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Figure II1. 1 Illustration of reachable velocity set in velocity space of the OS.
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The construction of the RV set is, in fact, the reachability analysis of a dynamic system (i.e.,
OS) considering the TTC and the ship maneuverability. Reachability analysis is a method to
find a set of states which the system can reach under constraints. The reachability analysis has
been applied in many fields: planning paths for robots [203]; detecting dangers for aircraft
[204], verifying safety for autonomous cars [166], etc.

II1.1 Problem statement

The main problem of the RV set construction is:

find all velocities which the OS can achieve, given an initial velocity (V,) and time
window (T ).

An illustration of the RV set is shown in Figure I11.2. The green ellipse is a RV set of OS, with
respect to an initial velocity (V,) and a certain time window 7 . All the velocities in this set are

reachable for the OS, while the rest are not reachable in time 7 . The point “A” represents the
initial velocity, and the point “B” is an arbitrary velocity. The OS wants to modify its velocity

from “A” to “B”. Numerous controls can achieve this goal and let denote them as ur.
u, € U"”" isacontrol input which leads OS’s velocity move from “A” to “B”; fraji is the path

how the velocity changes. 7, . is the time needed for the velocity move from “A” to “B” along

traji. Within these controls, an optimal one (say Y% :pt ) is found which minimizes the time:

"' =min {ttrajl (u:””)|u’""’ eUA”B} (IIL.T)
If £ > ¢, at least one control can complete this mission within 7 , and “B” is contained in
RV (\70,1); if 7 < ¢, no controls can change the velocity from “A” to “B” within 7, which
means that “B” is out of RV (v,,7); if z=¢ , point “B” is located on the boundary of the RV

set RV(VO,TZt,f‘”).
Therefore, the main problem of RV set construction is equivalent to:

finding a minimum operation time from an initial velocity to all other velocities.

Thus, RV (,,7)is a collection of the velocity whose minimal operation time less than 7 .
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Figure III. 2 Illustration of a reachable velocity set of OS.
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III.2 Steps of RV Set construction

To construct a RV set, firstly, we need to find the minimum operational time ¢°”* for each

velocity in the velocity space. This velocity is on the boundary of the set RV(?O,T =7 ’) ,

which is also contained in the set RV(T/O, Tt ’) . The RV (¥,,7) is a collection of velocities

whose #”" < r . Therefore, the steps of RV set construction are as follows:

Step (1) Gridding: Grid the velocity space of OS, say: v, :R”xR” and

alter.
. ve [0, vmax]
valter. = 7
l// S [—72', 72']

Step (2) Initialization: Initialize the OS’s current velocity, say v, = {VO } = {g‘)} ;

0

Step (3) Target velocity setting: Choose one vector in velocity space (\_’;ben) and set it as

vtarget ’

Step (4) Strategy searching: Find optimal control input " ;
Step (5) Calculation: Calculate the time for the control ¢/** , and store it in an m-by-n

matrix 7.

target 2

Step (6) Loop: If v, is not the last element in v

et alter.» S0 back to Step (3), OtheI'WiSC,
quit the loop.
Step (7) RV set determination: The RV set for any time window 7 is a set of velocities

whose operational time ¢/** is not larger than 7 .

In this method, only the operational time for the optimal control is needed; the RV sets for any
time window 7 are calculated at the same time. Given an initial velocity, it is unnecessary to
recalculate the RV set for a different time window 7 .

II1.2.1 Ship motion model

Ship maneuvering ability is a significant factor that influences the size of a RV set. Generally,
ship maneuvering ability refers to the turning ability, course-keeping ability, stopping ability,
etc.[205]. In this article, we focus on the changes in the ship’s course (turning ability) and speed
(acceleration/deceleration ability). Moreover, we hold two assumptions on ship maneuvering
ability:

Assumption (i): The speed-loss effect during the turning phase is neglected, i.e., the ship
is capable of keeping its speed during turning;

Assumption (i1): The external disturbance from wind, current, etc., are excluded in this
paper. Therefore, the ship’s position can be predicted with its velocity
only.

These assumptions aim at simplifying the ship motion model. The assumption (i) allows us to
consider the acceleration process and turning process separately. The assumption (ii) is made
to exclude the impacts of environmental disturbances on the ship’s motion.
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The calculation of operational time ¢, . is strongly tied to the ship’s motion model. Ship motion

is related to acceleration, velocity, and yaw rate. According to [206], when the initial speed of
the ship is larger than 0, the speed and the acceleration have a relationship similar to the
quadratic relation. Moreover, the yaw rate has a positive and linear relationship with speed.
Therefore, we can formulate our ship motion model by acceleration equation (Equation (I11.2))
and turning equation (Equation (II1.3)). These dynamic equations describe a simplified ship
motion model in which the turning process and acceleration process are decoupled (Assumption
(1)). Moreover, the ship can obtain a constant yaw rate when it decides to turn, which means

this ship can turn in a circle whose radius is V(l‘ ) / r (f ) :

a=v= p1V2+p2V+p3 (HIz)
r=y =k-v (II1.3)
where a is the acceleration ([m/s?]);
v is speed of the OS ([m/s]);
p1, p2, and ps are the ship coefficients;
r is the yaw rate ([*/s]);
v 1s the course of the OS ([ ]);

k 1s the turning coefficient.
II1.2.2 Control strategies

To reach the desired velocity, different control strategies should be applied. In this paper, we
choose three control strategies:

Strategy 1. Changing the speed first and then turning the course;
Strategy 2. Turning first and then changing the speed;
Strategy 3. Changing the speed and turning at the same time.

Figure II1.3 shows how these strategies can steer the velocity towards a target velocity in the
velocity space. In this article, the strategy whose operation time is minimum is the optimal one.
Denote 77, T2, and T3 as the time for applying Strategy 1, 2 and 3. The calculation of 77, 7>, and
T3 1s explained in the following parts.

Port-side 20 Starboard-side
Area

4 - Virax ™
PD D (2) ‘
Deceleration ) *‘
270 |- ———— I S et 090

P4 . PD

SD . S84

180
Figure II1. 3 Illustration of different steering strategies in velocity space.
(notes: the red point is initial velocity: speed = 10 knots, course = 0 deg)
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Given an initial velocity of the OS, the velocity space is divided into four parts (as shown in
Figure II1.3):

e Port-side Acceleration (PA): V,
e Port-side Deceleration (PD): v,

e Starboard-side Acceleration (SA): v,

acceleration;
e Starboard-side Deceleration (SD): v,

deceleration.

in this part needs port-side turning and acceleration;

Iter.

in this part needs port-side turning and deceleration;

in this part needs starboard-side turning and

Iter.

in this part needs starboard-side turning and

Iter.

According to this deviation, two major situations can be identified. Giving an initial velocity is

V, = [Vo,y/o]' and a target velocity is v, =[V,.y, ]l ,

target

e Acceleration: v, . =V, €{PAUSA}, V>V

target alter.
e Deceleration: v, =V,,, € {PDUSD}, Vi<Vo.
For the general acceleration cases, the time for these strategies can be calculated as:
Ay
T =T i T Tous = Dacet T =
1 Accell Turnl Accel le

A
T,=T, ,+T v

=247
Turn2 Accel2 Accel
iz

(11L4)
T Accel i When T Accel 2 T:F urn
T, = Ay —A .
’ T, Accel M > When T, Accel <T Turn

kv,
where Ay is the angular difference between y, and ¥, ;

Ay .. 1s the turning course during the acceleration;
Trurn 1s the time for the turning process, and it is related to the angular difference;
Taccel 1s the time for accelerating, and it can be calculated with Equation (IIL.6).
r Ay _ Ay
r k-V
Tyeea = & (Vs 1) (11L.6)
According to Equation (IIL.5), turning with a lower speed needs a longer turning time. From
Equation (II1.4), we observe that the time for acceleration in each strategy is the same. Since,
Vi>Vo, we have 1y <T,..,,and therefore, 7] <T,. In Equation (II1.4), Ay —Ay .., is the rest

Turnl

(1IL.5)

of course to the target course. Since Ay—Ay, ., <Ay it has T3<T>. It implies that T3<T1<T>.
In other words, when the target speed V7 is larger than Vo, Strategy 3 is the best strategy.

For the general deceleration cases, the operation time for the three strategies are

Ay
T =T +7. =T . +—;
1 Decell Turnl Decel kV;
Ay
]; = ]—:FurnZ + TDecelQ = W + TDecel b
; (I11.7)
T; Decel ’ Whel'l T; Decel 2 TI‘ urn
T = Ay — Ay
Decel —_— 4 When T Decel < T Turn
K,

where Tpecel is the time for decelerating, Tbecet = 4(V0,V1);
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AWy 1s the change of course during deceleration.

In the deceleration process, Tpecel is @ common factor in each strategy. Since Vi<Vy, we have

Trum1>TTum2, and therefore, 71>T>. In Strategy 3, the ship can reach the target course during

deceleration (meaning 73 = Tbecel), Strategy 3 would be the best strategy (73<7><T1). If not, the

extra time for steering the course to the desired course should be added and it can be formulated

AV AW

as: ————
K,

time in different strategies is sorted as 73<71, 7><T1. That means, when the target speed Vi is
smaller than the initial speed Vo, Strategy 1 is not the best strategy.

. In this case, T3<T1, since Ay —Ay,,. ., <Ay . Therefore, the operational

In summary, to control the OS moving from an initial velocity to arbitrary target velocity, the
optimal strategy is chosen as follows:
e In the acceleration case, applying Strategy 3 always can get the minimum time;
e In the deceleration case, the operation time by Strategy 2 and Strategy 3 should be
calculated, and the smaller one is the optimal one.

II1.2.3 Calculation of time for acceleration and turning
The calculation of Tbecel, TAccel, and Ttum are introduced underneath.

(1) Calculation of Tpecel and TAccel

The time for acceleration or deceleration can be calculated by solving the ship motion model
(Equation (I11.2)) and finding the inverse function for the solution. Given the initial speed vo,
the solution of the differential Equation (II1.2) is:

v(t):%pl{\/ﬁtan[@(t+C)j—p2}, (II1.8)

2
where D =4p p, - p;

2pv,+ D, j

C1is a constant, C = 2 artan(
" b JD

The inverse function of (I11.8) is the time for acceleration/deceleration:
2 aﬁmﬁwj_c’ (I1L.9)

Ty = e
accel/decel \/B \/B

is an alternative speed.

—

v,

where v rarget

target

The Equation (II1.9) can be used to calculate the time for acceleration and deceleration process
using different groups of the coefficients (pi,p2p3) in Equation (III.9) for calculating
acceleration and deceleration are different.

(2) Calculation of T7um

If the speed (say v*) does not change during the turning process, e.g., Strategy 1 and 2, the time
for turning is the inverse function of the solution of the differential Equation (III.3). The
solution of Equation (III.3) is
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w(e)= [ k-vidi=k-v" . (II1.10)
Therefore, the time for turning (77um) 1s
l//tar et l//0 l//tar et
T — EL—. = LL II.11
fum k-v k-v ( )

If the speed changes during a turning process, e.g., Strategy 3, we need another equation.
Applying Equation (II1.8) into Equation (II.3) and then we have: ¥ (f ) =k 'V(t ) .
Theoretically, solving this equation, we have
k JD VD
w(r)= Z—M{—Zlilncos[T-(t+ C)J—lncos(T-CH—pzt}. (IT1.12)

where coefficients are dependent on the speed changing process, i.e., acceleration or
deceleration.

To find the inverse function of Equation (III.12) is complicated. In this paper, a numerical
method is applied: firstly, we simulate the turning and acceleration process; secondly, we record
the evolution of course’s response under the actions; then we make a regression of the time as
a function of course. As a result, for each target course  , we can find a corresponding
operation time for turning and acceleration. The operation time for turning and deceleration is
also obtained in this way.

Applying Stategy 1: Changing Speed First Applying Stategy 2: Changing Course First

-10 -5 5 10 -10 -5 5 10

(@ "(b)

Applying Stategy 3: Changing Course and Speed at Same Time RV Sets with Different Strategies in Time Window: r = 200s

RV[VU,T] in strategy 3

-RV[VU,T] in strategy 1
[ RV(v,,7) in strategy 2

-10 -5

5 10 10 5 5 10

0 0
(c) (d)
Figure III. 4 Illustration of reachable-velocity set under different steering strategies.
(operational time window: 0-1000 seconds; vo = 10 [knots])
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For a better understanding of the constructions of the RV set with different strategies, we
provide an example in Figure II1.4. Figure I11.4 (a) to (c) show the maps of operation time by
applying different steering strategies (Strategy 1, 2, 3). Each point in the figure represents a

potential target velocity (v, ); the color reflects operation time (¢, ) for steering the OS from

target

VO to v

target

. With v,=10 [knots] and 7 =200 [seconds], we can construct three sets of

velocities for the three strategies, respectively, as shown in Figure 111.4(d). The RV(\_)'O,T ) with

is the union of the three sets, i.e., the set for Strategy 3.

II1.3 Time window of RV Set

Time To Collision (TTC) is the time left to avoid a collision. The calculation of the TTC is
explained in Figure I11.5 related to the scenario in which two ships encounter. Setting the TS as
the reference, expanding the TS’s scale by the OS’s dimension (noted as Expanded Obstacle
(EQO)), the collision scenario turns out to be a particle which keeps moving with a relative
velocity and colliding with a static EO at “Collision Point”. Thus, the TTC can be formulated
as:

!

TTC = —» (111.13)
||V,-,-
' 7 2 2 &; =P _pP C_ji/‘“j/‘i
where Dil.zudl.jucos(a)—‘/REo ~Dey s d; =P —F, cos(a) = ="~ , and
‘d!., |7,
D.p, = ‘c?l_./. J1-cos’*(a) .
REO
Collision o
) Depa .
Point _ Ship j
s v 7
74 Expanded
D, Sy Obstacle
_\:4‘ V d
- a
2 ;
[ 2
Ship i

Figure III. 5 Ilustration of TTC calculation.
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Summary

Ship collision is a classical problem for maritime practitioners and researchers. Human error is
a major cause of collision accidents, which motivates researchers to develop automation
systems replacing navigators on board. In particular, the developments of self-driving cars,
robotics, and unmanned drones boost the confidence of having Maritime Autonomous Surface
Ships (MASS). However, before autonomous ships fully replace all conventional ships,
supporting the situational awareness of human operators is still a rigid demand, where the
design of human-machine interactions (HMIs) become crucial.

This dissertation pays special attention to HMIs during collision avoidance. Specifically, a
Human-Machine Interaction oriented Collision Avoidance System (HMI-CAS) is proposed,
which allows the human operators and automation to share their intelligence. During collision
avoidance, the HMI-CAS can not only offer one (optimal) solution to human users but also
indicate the dangerous solutions. So, the decision process of the machine becomes transparent
for the human users. The human operators can not only read and understand the solutions found
by the machine but also validate and modify the solutions via an interface in the HMI-CAS.
Without human interventions, the HMI-CAS works as an autonomous collision avoidance
system. Moreover, to support the operators decide in time, a novel measure of collision risk
using a concept called “room-for-maneuver” is proposed. Therefore, the measured risk reflects
the dangerous level of the approaching ships and the difficulty to handle the encounter.

Human-machine interaction in the developments of MASS

This research found that the focuses of studies for manned and unmanned ships are different
and complementary: the research for manned ships concentrates more on conflict detection; the
research for unmanned ships concentrates more on conflict resolution. Thus, it is beneficial to
learn from each other. However, developing various levels of unmanned ships requires not only



172 Supporting Human-Machine Interaction in Ship Collision Avoidance Systems

better conflict detection and conflict resolution but also a user-friendly design that supports
various HMIs, which is less discussed in the literature.

The benefits of developing HMIs are:
(1) Supporting MASS I-I1I;
(2) Building trust to ASVs and promoting ASVs;
(3) Borrow knowledge from human operators to develop rule-compliant ASVs.
(4) Improving existing collision alert system with more functions

Functions and framework of the HMI-CAS

The demands on HMIs in collision avoidance contain seven aspects, i.e., “early warning”,
“solution advice”, ‘“automated solution execution”, ‘“cooperation support”, ‘“trajectory
prediction”, “data collection”, and “turning off/on the system”. “Solution advice” and
“cooperation support” are less discussed, but they are crucial for supporting collision avoidance
and are required in Type I-IIl MASS and Control Mode 1-4. Accordingly, five possible solution
forms supporting HMIs are identified, i.e., one solution, an optimal solution, finite feasible
solutions, a set of feasible solutions, all sets of unsafe solutions.

To support autonomous functions, the framework of the HMI-CAS remains the same as the
Guidance, Navigation, and Control (GNC) system. Nevertheless, for exchanging information
between human operators and the systems, an interface is designed.

A family of algorithms supports various HMIs during collision avoidance

With a comprehensive literature review on the state-of-the-art methods and the analysis on the
requirements of HMIs, a family of Velocity Obstacle (VO) algorithms are chosen to be applied
in the HMI-CAS. Specifically, these algorithms visualize the solution space of the own-ship
(OS), collect the dangerous solutions in VO sets, and then find collision-free solutions out of
the VO sets. Thus, the users can easily understand how the system make decisions. Three VO
algorithms are employed, which are linear velocity obstacle (LVO) algorithm, non-linear
velocity obstacle (NLVO) algorithm, and probabilistic velocity obstacle (PVO) algorithm in
this research. Different from traditional methods, the VO algorithms do not require the target
ship (TS) to keep constant speed and course. Therefore, these algorithms can incorporate the
(non-linear, probabilistically predictable, etc.) predicted trajectories of the obstacles and TSs in
collision avoidance.

Improved conflict resolution in the HMI-CAS considering ship dynamics and
navigational regulations

The VO algorithms are convenient for human operators to join the conflict resolution in the
HMI-CAS. However, the dynamics of ships are ignored when identifying the closed regions of
dangerous solutions. Ships usually have poor maneuverability, and therefore more time and
space are needed to achieve the desired velocity. That means the collision might happen before
the ship achieves the desired velocity in the extreme case. To handle this issue, the generalized
velocity obstacle (GVO), which considers the ship’s dynamics and controllers, is integrated
into the HMI-CAS. Moreover, the interface of the HMI-CAS is modified to be user-friendly.
Comparing with the HMI-CAS using VO algorithms, using the GVO in the HMI-CAS has two
advantages: (1) supporting collision avoidance in a close distance where the VO algorithms
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might lead to a collision; (2) avoiding collisions using less evasive actions, which is advocated
by navigational regulations, i.e., COLREGs.

Improved conflict detection in the HMI-CAS for supporting evasive actions in time.

The core of conflict detection is a measurement of collision risk that indicates the safety/danger
level of the ship. When the risk is high, the collision alarm is triggered for taking evasive actions
in the HMI-CAS. There are numerous risk measures which can assess collision risk, but most
of them are independent of conflict resolution. As a result, the measured risk is independent of
whether the collision is avoidable, which is not suitable for the proposed HMI-CAS.

A Time-varying Collision Risk (TCR) measure is proposed, which defined the collision risk as
to the chance of avoiding dangers, i.e., the percentage of controls leading to collisions. High
TCR level reflects a condition where the collision event is difficult to solve, and the collision
is highly possible to happen. This measure is also compliant with common sense that the risk
would not decrease when the ship encounters with more ships or the ship has poor
maneuverability. TCR indicator, therefore, is proposed to be an auxiliary tool in the conflict
detection module of HMI-CAS. Specifically, human operators can safely postpone evasive
actions until the TCR reaches 1.

In summary, this dissertation proposes a prototype of a collision avoidance system that supports
human-machine interactions, call HMI-CAS. Instead of replacing humans on board, the
proposed system aims at bridging the intelligence of humans and machines, which enables
cooperation between humans and machines and enriches the choice of collision avoidance
systems for supporting human operators and for developing autonomous ships. It is expected
to reduce the collision risk, to facilitate human operators, and to promote the development of
Maritime Autonomous Surface Ships.
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