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Murphy’s Law
If anything can go wrong, it will.

Corollaries

1. Nothing is as easy as it looks.

2. Everything takes longer than you think.

3. If there is a possibility of several things
going wrong, the one that will cause the
most damage will be the one to go wrong.

4. If you perceive that there are four
possible ways in which a procedure
can go wrong, and circumvent these,
then a fifth way will promptly develop.

5. Left to themselves, things tend to go from
bad to worse.

6. Whenever you set out to do something,
something else must be done first.

7. Every solution breeds new problems.

8. It is impossible to make anything
foolproof because fools are so ingenious.

9. Nature always sides with the hidden flaw.
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Preface

Maritime traffic is increasing day by day. Therefore, improving the safety level
of life at sea is deeply necessary. The examined statistics show that the primary
causes of incidents and accidents are attributable to the human factor: the
solution evaluated in this thesis consists of limiting the human factor onboard.
In particular, limiting human error could reduce the frequency of incidents and
accidents and their severity, positively affecting the protection of human life,
environmental conservation, and operating costs. Unfortunately, historically,
new technologies and navigation support tools are not always fully exploited
and used in the maritime field due to the limited trust against them. Instead,
these technological innovation tools are mainly used for limited research
project applications, such as autonomous and remote-control navigation.
Indeed, these innovations could be used to equip surface vehicles with the tools
necessary to achieve situational awareness, allowing the development of a
decision support system that be helpful for a bridge operator to take safety
navigation decisions or enable autonomous navigation completely overriding
the human operator. Due to the several benefits that these technologies promise
to bring, global interest has grown enormously in recent years, leading to the
creation of international consortia to work on and found several projects
concerning autonomous navigation enabling technologies in order to obtain a
smart ship. However, the question may arise as to whether it is actually worth
investing so heavily in these types of technologies, given that the promises of
cost reduction and increased safety are based on hypothetical comparisons as
no fully autonomous ship has yet been launched. Fortunately, the significant
projects illustrated in the thesis have a near future as their deadline. For these
reasons, in the next few years, it will be possible to know and quantify which
and how essential the benefits they bring will be. Furthermore, it is also
legitimate to question the field of applicability of these technologies. It
presented that these technologies are already widely used for small boats, less
than 20 m in length, for scientific research purposes and military uses.

Of course, the ship's dimensions are not the only characteristics to be
considered but also the task that the ship has to carry out and how much the
crew is involved in carrying out more or less complex tasks. For instance, in
fishing ships, several tasks performed by the crew might be too complex to be
performed by a machine [1]. Thus, removing the crew can be challenging,
especially for service ships and fishing ships. Indeed, in such a case, a complete
decision support system that helps the bridge operator take correct decisions



during navigation is more suitable than removing the crew onboard. Moreover,
the assumption that reaching full autonomous navigation may be limited to
smaller ships with the crew performing easily replaceable tasks is supported by
the CEO of Maersk, Sgren Skou [2]. Regarding the added safety benefit of large
autonomous container ships, the impact of removing the crew will be small
since there are only a few lives lost on container ships in general. Therefore,
the added safety benefit would not be a good reason to invest in (large)
autonomous container ships. This thesis wants to emphasise that not all ships
will be easily replaced by their autonomous evolutions for various reasons, such
as the complexity of the crew's tasks onboard or the impossibility of removing
the human factor representing the payload as in cruise ships. In all these cases,
in order to improve safety during navigation, it is essential to provide the ship
with a decision support system fed with sensors onboard.

Furthermore, the research that is being carried out, and this thesis fits into this
context, is studying and developing automated control logics which, if both the
achievement of autonomous navigation and the development of a decision
support system for the bridge operator, are essential for both developments. In
conclusion, the undersigned point of view is that it makes little sense to question
whether it will bring significant benefits that justify the potential cost increase.
On the other hand, the human being has always been thirsty for knowledge
since eating in the garden of Eden of the forbidden fruit of knowledge. For this
reason, technological development in this area must be completed and only
after implementing the first projects, it will be possible to quantify any benefits
and disadvantages effectively. To conclude, in the Divine Comedy, the great
navigator Ulysses, placed in Hell by Dante and dead for having wanted to
venture beyond the Pillars of Hercules, states: "...fatti non foste a viver come
bruti, ma per seguir virtute e canoscenza." (...you were not made to live as brutes,
but to follow virtue and knowledge.).

It could be sarcastically argued that he bit more than one can chew and that he
could have died on terra firma of old age if he had used a bireme equipped with
a decision support system that would have been useful to avoid the deadly
shipwreck in order to be able reaching the Purgatory island.
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Chapter 1

1.1 Introduction

The concept of autonomous or remote control autonomous ships has faraway
origins in the past. At the end of the 19" century, Nikola Tesla patented his idea
about autonomy in maritime traffic [3]. Indeed, starting from the second half,
the 19" century was characterised by scientific and technological
improvements in which human beings were relieved of dangerous and tiring
tasks, replaced by machinery, and shaping today's world. However, before
human beings developed the technology to re-evaluate the possibility of
obtaining safe autonomous vehicles, many years of technological innovations
had to pass. Indeed, just in recent years, studies concerning the achievement of
autonomous vehicles have multiplied. Such an aspect has several reasons. In
particular, there is the world market's keen interest due to the countless benefits
that these technologies promise in terms of safety and human wellness. The
interest in autonomous vehicles has remarkably grown over the past decade.
This interest growth is due to the potential benefits for our society that such a
technology promises. The potential benefits are manifold and depend on the
vehicle's field of use. Indeed, this interest affects all transportation sectors:
aviation, automotive and the marine field. For instance, nowadays, air remote
unmanned vehicles used for pleasure purposes have become part of everyday
life. Numerous disciplines are involved in the study of achieving autonomous
vehicles due to the complexity of this challenging task. Indeed, numerous
scientific papers deal with the problem by using many approaches, even very
different from each other. Currently, the achievement of a completely
autonomous vehicle capable of meeting the safety and reliability requirements
necessary for use is still under development. In this context, numerous
definitions and levels of vehicle autonomy have been ideated to distinguish
vehicle capability. Unfortunately, due to the massive amount of studies
addressed to this topic, it can happen that the authors, belonging to different
fields, confuse or overuse different terms and concepts, causing disorder.

The research project presented in this doctoral thesis fits into the reachability
of autonomous navigation or marine surface vehicles. The thesis aims to
analyse the complexity of the problem through a deep analysis clarifying and
taking into account several characteristics, challenging aspects and threats by
presenting the autonomous issue regarding the maritime field with a holistic



point of view. Indeed, in Chapter I, an in-depth analysis of the motivation, the
principal aspects, the main potential threats, and the main technical and
legislative challenges of autonomous vehicles were conducted and presented.
In particular, the thesis focuses on two enabling technology systems, dynamic
positioning and sensor-based collision detection, as part of the collision
avoidance system. These technologies are essential in order to obtain
autonomous navigation or develop a helpful decision support system (DSS) to
bridge operators. The decision-maker is the main difference between
autonomous navigation and a DSS. In both cases, the raw information gathered
by the onboard sensors is processed by algorithms to produce useful
information on the ship's self-state and the surrounding environment. In the case
of DSS, the output of this analysis is shown to the operator on the bridge so that
he can use it to make navigation safer. In the case of autonomous navigation,
the operator is not considered within the decision-making loop; moreover, if
present or remotely, the bridge operator has only the role of surveillance in case
of system failure.

To summarize, these autonomous systems, dynamic positioning and collision
avoidance can be helpful for developing a decision support system or a totally
autonomous framework development. The difference between a decision
support system and a complete autonomous navigation framework was
discussed in Chapter I1. Moreover, a state of the art of dynamic positioning and
collision avoidance was presented.

The dynamic positioning system was studied using three degrees of freedom
ship dynamic simulator tailored to a tug testing model owned by the University
of Genova. Two different thrust allocations suitable for the testing model have
been studied and developed. Moreover, the results have been critically analysed
and discussed. Furthermore, the tug testing model is completely controllable,
self-propelled and fully actuated and has been part of the experimental
benchmark developed in the University's facility, where a video-tracking
system has been tested and validated. The description of the experimental
benchmark and the developed dynamic positioning system have been reported
in Chapter 111 and Chapter IV, respectively.

The second main research topic presented is the detection, part of the collision
avoidance system. Collision detection has been studied by means of a purely
experimental approach, indeed, has been developed a multi-obstacle tracking
system tailored for the marine environment by a sensor-based data processing
approach. In particular, the data processing based on an unsupervised learning
approach has been carried out on point clouds gathered by using a LiDAR
sensor. Eventually, the proposed multi-obstacle tracking system was evaluated
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and tested on a specially developed synthetic scenario and an experimental
dataset obtained by means of an experimental campaign. The data collection
and processing regarding the collision detection have been shown in Chapter
V.

Eventually, in Chapter V1, the research project's contribution to the autonomous
navigation field and the future research development concerning autonomous
navigation enabling technologies was remarked on and critically discussed.

1.2 Motivation

In this last decade, a new technological era has arisen. As a result, the studies
focusing on the achievement of autonomous vehicles have had a remarkable
development in every industrial sector. These studies were possible thanks to
the considerable technological improvement that has taken place in recent years
and is still in progress. Indeed, the new ICT (Information and Communications
Technology) solutions have brought to rethink the vehicle design in that
equipping vehicles with new capabilities and to improve existing functionality
is achievable due to the cost reduction and availability of new technology.

Historically reluctant to sudden changes, the maritime sector was also deeply
influenced in this context of significant technological development due to the
potential benefits in terms of fuel efficiency, operative cost reduction and
greater safety onboard systems. Indeed, many terms related to increased
automation have been coined, such as autonomous surface vehicles (ASV),
unmanned surface vehicles (USV), and autonomous sea surface vessels
(MASS), often misused to describe different vehicles capabilities. The
following sections have reported the discussion of these terms, clarifying their
terminology and characteristics. A ship with solid automation features such as
remote navigation, collision avoidance systems or a decision support system is
called a "smart ship". For instance, the "Global Marine Technology Trends
2030" [4] has confirmed the "smart ships" as a development key factor of the
maritime sector, in particular, to improve navigation safety profoundly. Indeed,
the marine sector has always been sensitive to human life safeguarding at sea.
For such a reason, surveys have been conducted to analyse this aspect. Indeed,
the need to preserve human life at sea and the environment safeguarding are the
primary goals in the maritime field. Inevitably, ship accidents and incidents,
e.g., ship collisions, are recorded every year, which causes considerable



economic damage, legal problems, non-negligible risks for human health,
fatalities and the dispersion of polluting material in the marine environment.

Yearly European Maritime Safety Agency (EMSA) [5] issues a statistical
analysis of accidents in the maritime sector. From 2014 to 2020, more than
3200 ship accidents and casualties happened every year. The unique exception
is represented by 2020 with 2600 due to the Coronavirus outbreak. The related
investigations are 923 and are classified as: very serious marine casualties
(49.9%), serious marine casualties (41.5%), less serious marine casualties
(7.5%) and, marine incident (1.1.%). There are present 757 investigation
reports showing that 20% are human factors while 47% are ship-related
procedures. It is essential to underline that these values are probably
underestimated. Almost all the investigation reports refer to severe accidents,
and these are the minority of the 3200 cases per year. On the contrary, the
majority of accidents are represented by the remaining less serious marine
casualties and marine incidents; for such a reason, it is foreseeable that many
of these accidents are to be considered by the human factor or wrong
procedures.

Another critical annual analysis covering the entire yachting industry in the
United States is reported in Recreational Boating Statistics [6]. The analysis
was conducted by analysing accident and casualties events in detail by
analysing their severity, geographical distribution, monthly events, economic
weight, length of the boats involved, and reasons for the event. In particular,
focusing on the latter case, it is possible to observe that factors attributable to
the human factor such as operator inattention, operator inexperience, improper
lookout, excessive speed, navigation rules violation, and alcohol use are the
preponderant part of all recorded accidents and incidents. In contrast, accidents
and incidents due to boat failure or boat equipment malfunctions are a minority
of the total events. Neglecting the count of events to which it is difficult to
attribute a responsible entity, such as sudden meteorological changes or the
cause is unknown, the events undoubtedly attributable to human errors are more
than 88% and only 12% to machinery malfunctions.

Moreover, considering accidents and incidents related to environmental
conditions attributable to human factors, such as a wrong planning choice for
the navigation route, the percentage of machinery breakdowns drops to 9% of
the total events. From these analyses, it is essential to underline that in the case
of pleasure boats, accidents and incidents attributable to the human factor
represent almost all cases. This aspect is due to the analysis carried out by
EMSA only considering ships with trained personnel on board.
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In this context, the increase in onboard automation, which can take on different
meanings depending on the technological level installed onboard (decision
support system, onshore remote control or complete autonomous vessel), can
undoubtedly help reduce the accidents and incidents attributable to the human
factor. Many universities and the industrial sector studies are reported in the
scientific literature regarding the potential increase in navigation safety. [7-13].

On the other hand, even a ship with a high level of automation, for example,
with a decision support system and remote control systems, can suffer from the
same problem as human action is always in the control loop. In this case, the
reasons could be many such as the operator's lack of trust towards the decision
support system or excessive workload or distraction of the commanded exactly
as what already happens onboard the ship, in case of onshore remote control.
Furthermore, in the case of the human factor out of the control loop, the
decisions must be taken from an appropriately programmed artificial
intelligence (Al) based on navigation rules and sensor-based. In this context,
the crossing situation of manned and autonomous platforms is the worst-case
scenario. Indeed, people's behaviour is often unpredictable, and rules can be
neglected [14]. Therefore, the Al system must consider this aspect to avoid
potential accidents [15]. (It is impossible to make anything foolproof because
fools are so ingenious — 8" Moody's Law). Eventually, a critical statistic
analysis was conducted by means of the EMSA collision accident data and
reductio ad absurdum hypnotising several scenarios with an increased level of
autonomous navigation regarding three surface vehicle typologies (small cargo,
cargo over 120m, all ships). As a result, it emerges that the introduction of
autonomous navigation for all scenarios notably increases safety, assuming the
autonomous systems can reduce the number of accidents. Moreover,
autonomous navigation alone is able to remove few people from the ship, and
in some particular cases, the crew role is crucial to perform the ship task, e.g.,
in a fishing vessel where a small crew has a fishing and navigation role. Indeed,
it is crucial to research technologies that enable the safe elimination of the
crew's role in all other ship functions, such as fishing or maintenance, since the
crew onshore will not be able to solve onboard issues and specific activities
[16].



1.3 Cost Analysis

There are many publications focused on the analysis of safety improvement.
Indeed the issue is extensively analysed in every aspect. Moreover, it emerges
that the use of technologies enabling autonomous navigation at any level of
intervention to support navigation or totally autonomous can significantly
reduce the occurrence of incidents and accidents.

Contrary to the safety issue, far fewer scientific publications are based on the
analysis of the costs incurred for these new marine units. This lack of cost
analysis is because major projects have not yet been completed, and all analyses
are based on project estimates. Currently, autonomous navigation is at a
preliminary stage with design and testing. Indeed, nowadays, autonomous boats
are used mainly for environmental monitoring or remotely controlled and used
by navies.

In addition, once the benefit of navigation safety has been ascertained, it
remains to be established whether the owner has an improvement in terms of
the investment cost. If the new technologies implementing autonomous ships
do not have good economic benefits, the shipowners will not invest in such
technological solutions due to low ROI (Return On Investment). Indeed, the
autonomous navigation topic represents a high-risk outcome. Indeed, as
presented in the following section, only the major private companies and
international community projects can afford this economic risk, mainly due to
the low margin shipping industry [17,18]. For every product, the total cost can
be divided into two macro parts CAPEX (CAPital EXpenditures) and OPEX
(OPerating EXpenses). In particular, if the case study is a ship is subdivided as
follows. CAPEX was defined as a fixed cost corresponding to the total amount
of cost regarding the vessel purchasing, e.g., construction cost, financing cost,
loan interests, depreciation, taxes, etc. The OPEX in maritime can be
subdivided into two main sub-parts Operating Cost and Voyage Cost. The
Operating Cost is a semi-variable cost, and the main ones are the crew wages,
insurance, maintenance, and administration costs. On the other hand, the
Voyage Cost is highly variable. Indeed, it strictly depends on several factors
such as the shipping route, the environmental condition, and the amount of
transported material. For instance, the VVoyage Cost can be subdivided among
the fuel consumed, portal and canal charges, harbour tugs and stevedoring [19].

Unfortunately, cost-benefit analyses regarding autonomous and remote-
controlled ships are few due to the technical characteristic uncertain of the
smart ships. In the literature, a critical analysis is carried out by comparing
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CAPEX and OPEX, assuming as a case study a standard Panamax bulk carrier
with a length of 230 m, displacement of 90000 t and motorised with 10 MW.
This ship was compared with a hypothetical autonomous bulk carrier with the
same characteristics, remotely monitored from a shore control station [20]. The
analysis is in-depth as it compares multiple items. Within the table was reported
the main contributes, a decrease or increase price has referred to the
autonomous hypotetical carrier ship:

Table 1: Considered cost changes, [20]

Operating costs Voyage costs Capital costs
Crew wages (—) Air resistance (—) Deckhouse (—)
Crew related costs (—) Lightship weight (-) Hotel system (—)
Shore control centre (+) Hotel system (—) Redundant technical
systems (+)
Maintenance crews (+) Boarding crew for Autonomous ship
port calls (+) technology (+)

Minus (-) represents a reduction of costs; Plus (+) an increase.

In particular, three scenarios were taken into account: i) removing crew; ii)
removing crew and better fuel efficiency; iii) removing crew, better fuel
efficiency and high-grade fuel. The analysis results show that the first scenario
guarantees slightly economic benefits; indeed, crew wages the cost savings of
crew wages are compensated by the cost of the onshore control station. The
second scenario shows advantages to preferring the autonomous fuel efficiency
bulker with respect to the standard one due to fuel savings cost. The last
scenario is the worst because switching to MDO (marine diesel oil) instead of
HFO (heavy fuel oil) is more expensive. To summarise, the analysis was
conducted in-depth, and it emerges that the real potential benefit is the fuel
savings. Moreover, the cost of emergency arrival of the crew onboard is not
considered, and the autonomous ship technology and redundant technical
system were estimated based on other concept projects since no autonomous
ship has fully in operation nowadays.

However, the results of this analysis may appear not too encouraging from an
economic point of view, given that the great advantage in economic terms is
linked to the lower fuel consumption, which is not necessarily linked to
autonomous navigation. It must be considered that the analysis is conducted on
a bulk carrier whereby other types of vessels, such as container carriers for
inland waters, could have more economic benefits than the case study analysed.



Indeed, other economic analyses carried out on autonomous container ships
used in a short-sea linear network as the working environment were shown
several benefits, including a reduction of operating costs between 9% and 13%
[21,22]. Furthermore, although the comparison in terms of cost between
standard bulkers and autonomous is almost unchanged, slightly in favour of the
autonomous ship, it should be emphasised that the autonomous ship would
guarantee a significant increase in terms of safety at sea. Therefore, safer units
would be obtained at the same cost, and with the affirmation of this technology,
the insurance fees related to autonomous ships could also be lower due to
reduced safety risk [23]. Eventually, the potential cost-benefits analysis is still
uncertain due to application technology immaturity. After realising the first
autonomous ship into the shipping industry, CAPEX and OPEX parameters
could be valued more precisely and not completely assumed.[24]. On the other
hand, in this scenario, CAPEX could be only estimated because a precise value
will be known after the consolidation of autonomous ship technology obtained
by several autonomous ship construction.

Despite the uncertain regarding autonomous ship projects due to the novelty of
the applications of new technologies to naval units, according to a market
intelligence report by BIS Research titled "Global Autonomous Ship and Ocean
Surface Robot Market: Analysis and Forecast, 2018-2028", the global ocean
surface robot market is expected to reach a market size of almost $2,9 billion
by 2028, showing a growth rate of 16.8% during 2018-2028. Furthermore, in
terms of volume, the autonomous ship market is expected to grow at the rate of
26.7% during the period 2024-2035 and cumulatively generate a revenue of
$3.48 billion by 2035 [25]. This forecast is due to the several benefits of using
autonomous or unmanned vehicles for scientific research organisations,
commercial industries, and naval forces.

1.4 ASV and USV Projects History

In the literature, several projects are documented that refer to studies on the
achievement of autonomous navigation. Usually, the research studies for the
achievement of autonomous navigation are divided into two main categories;
the first concerns the numerical simulation, in which a virtual simulator of the
ship is used to test the control logic. The second is represented by the
experimental approach in which the studied logics are implemented onboard
small models called ASV (autonomous surface vehicle) and USV(unmanned
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surface vehicle). In most cases, the development and validation process
involves both methodologies. That is, initially, it is virtually developed and
tested and then it is implemented onboard the surface vehicles for validation
purposes. Furthermore, these surface vessels are used to study autonomous
navigation and to carry out risky tasks in which the human factor could lead to
the failure of the mission planned. In particular, the scenarios in which these
vehicles are used are mainly two, hydrographic research and ocean exploitation
and hazardous military scenario. In the first case, the human factor is removed
in order to guarantee that the ocean data collection could involve long days of
uninterrupted navigation in remote areas or polluted ones. In the second
scenario, it is possible to carry out the task in an enemy zone with remotely
controlled vehicles without endangering human life during the task. In detail,
the application of USVs and ASVs are listed hereinafter:

Table 2: Specific application of ASVs and USVs

Scenarios Specific applications

Hydrographic research and Bathymetric survey; ocean biological phenomena;

ocean exploitation environmental monitoring, sampling and assessment;
pollution measurements and clean-up; Oil, gas and mine
exploration; offshore platform/pipeline construction and
maintenance.

Military Port, harbour, and coastal surveillance patrolling; search and
rescue; anti-terrorism force protection; remote weapon
platform.

A complete overview of ASV and USV projects based on the state of the art
and survey on autonomous navigation [26,27,28] is reported in Table 3.

The projects have been listed, showing their name, a brief description of their
main purpose, guidance navigation and control (GNC) main characteristics,
production year, and literature reference. In particular, the GNC has been
subdivided into three main topics, path-following (PF), obstacle avoidance
(OA), and dynamic positioning (DP). The listed projects are very
heterogeneous hull shape models. They share the main dimension below of
about 15 m.



Table 3: USVs & ASVs projects from 1980s

GNC
No. Name Purpose Year Ref.
PF | OA | DP
1 Dolphin Bathymetric 1983 | 29
mapping
2 Roboski | hasttraining target 1990s | 30
& port survelliance
3 | owlusvs Harbour & ship 1990s | 31
security
4 MIMIR Shallow water 1900s | 32
search and survey
5 Artemis Bathymetry X 1993 | 33
sampling
. . ASV experimental 34;
6 Tito Neri benchmark X 1993 35
7 Aces Oceanographlc data X 1997 36
sampling
8 SCOUT Acoustl_c fish X 1998 29;
tracking 37
9 MESSIN Water eco_IoglcaI 1998 38
sampling
10 AutoCat Hydrographic 1998 | 39
surveying
11 Barracuda Sea-surface target 2000s | 40
system
Multipurpose
12 FENRIR shallow water 2000s 41
operations
13 SWIMS Mine sweeping 2000s 41
14 | Spartan Scout Port survelliance 2001 29
15 SeaFox Maritime security 2003 | 42
operations
Towing various
16 USSV-HTF sensors and 2003 31
effectors
17 Protector Reconnaissance [ 2003 | 43
and counter-mine
18 | SESAMO Environmental 2004 | 44
sampling
DELFIM and Oceanographic 45;
19 DELFIMx sampling X 2004 46
Ocean and
20 UMV series atmosphere 2004 40
exploration
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GNC

No. Name Purpose Year Ref.
PF | OA | DP
21 | cssaucer | ASYxperimental | 2004 | 47
benchmark
29 Seastar Port, coastal_survey 2005 48
and reconnaissance
. Homeland security
23 Stingray and coastguard 2005 40
24 WASP Bathymetric 2005 | 49
mapping
o5 Basil and Basil | Offshore pipelines 2005 40
1l survey
26 | Minivamp | Remote survey of 2005 | 40
offshore pipelines
Ocean observing
27 OASIS platform X X 2005 50
SEADOO 51
29 Challenger Military patrolling | X X 2005 '
52
2000
30 HUSCy Hydrographic 2005 | 29
survey
31 Proto series Wate_r qual_lty Headlr)g 2005 53
monitoring sailboat Following
32 WaveGlider Data sampling X X 2005 54
33 ROSS Oceanographic 2006 | 55
sampling
ROAZ and Image
34 ROAZ II Search and rescue processing 2006 56
35 | swordfish Environmental | 2006 | 57
survey
36 | ASVMUN ASV Scientific 2007 | 58
Benchmark
37 Inspector Surveillance and 2007 | 48
reconnaissance
38 Circe USV experimental 2007 59
Benchmark
39 Zarco Hydrologic survey | X 2007 60
40 | Tianxiang one |  Meteorological 2008 | 61
survey
41 Kaasbgll GNC benchmark 2008 62
42 Viknes Multi-purpose 2008 | 62

benchmark




GNC

No. Name Purpose Year Ref.
PF | OA | DP
43 Mariner High-speed 2008 | 62
surveillance
Veichle
44 ALANIS Survey - 2008 63
following
45 |  AVALON Autonomous X 2009 | 64
sailing vessles
Environmental 65:
46 Charlie sampling and X 2009 66’
survey
47 SeaWASP Water mapping 2009 67
. USV experimental Head
48 Ensieta benchmark sailboat Following 2009 68
49 USV-ZhengHe Collect!ng inshore 2010 48
101 marine data
Sailboat for
50 USNA monitoring and 2010 | 69
oceanographic
research
51 Piranha Reconnaissance 2010 70
52 | sailBuoy | ©Oceanenvironment f o 2012 | 71
monitoring
53 | Lizhbeth Inland water 2012 | 72
monitoring
. USV experimental 73;
54 Springer benchmark X 2012 74
55 | caroLime | USV experimental 2012 | 75
benchmark
56 Aurora ASV experimental 2012 76
benchmark
57 | WAM-V series Marine surveys X 2012 77;
Sailboat for sea-
58 ASV Roboat water envioronment 2012 79
sampling
Sailboat for
59 VAIMOS oceanographic X 2013 80
measurements
Environment
60 ASV SMU monitoring and 2013 81

hydrologic survey




GNC

No. Name Purpose Year Ref.
PF | OA | DP
61 PROPAC_BATOR ASV experimental X 2013 82;
series benchmark 83
Acoustic
62 CA.RT and characterization of 2014 84
Trimaran
the seafloor
. ASV experimental 85;
63 C-Series benchmark X X 2014 86
Environment
64 SCOAP monitoring and X 2014 87
hydrologic survey
Water quality
65 CRW monitoring X 2014 88
Sailboat
A-TRIMA G1 - 89;
66 and G2 experimental X 2014 90
platform
67 WUT-I Underactuated -1 2014 | 91
surface vessels
Sailboat for
68 ASAROME environmental X X 2015 92
monitoring
Scientific
investigation and
69 MAINAMI explorations of X 2015 93
seabed mineral
resources
70 Seabax USV Scientific QR-code 2015 | 94
Benchmark recognition
USV Scientific Sets of
71 ASV Prototype benchmark commands 2015 95
72 | AsvrmutT | Multipurpose data | o 2015 | 96
collecting
73 N-Boat Ocean monitoring 2015 | 97
sailboat
74 | Delfia-1series | ASYScientific f o x| 2016 | 98
benchmark
75 ERON USV sampling | 2016 | 99
and monitoring
. USV experimental Heading
6 Dolphin | benchmark Control 2016 100
77 MARV Hydrologic X 2016 | 101

research




GNC

No. Name Purpose Year Ref.
PF | OA | DP
78 DH-01 USV experimental 2016 102
benchmark
. USV experimental 103;
79 | WAM-V Series benchmark X X 2016 104
Autonomous
80 R%B,\?? T floating vesselsin | X X 2017 105

metropolitan areas

81 | Barlavento Sailoboat for 2017 | 106
Ocean Monitoring

ASV Scientific

82 Halycon benchmark X 2017 107
83 Morvarid Energy system 2018 108
84 SWAMP Shallow water o 2019 | 109
naV|gat|0n
85 USV TU USV experimental | o 2020 | 110
benchmark
USV experimental
86 | VTecs- benaht X X 2020 | 111
87 MF-USV Monitoringand | o 2021 | 112

cleaning water

It is essential to underline that despite being a considerable number, the listed
projects refer only to projects present in scientific literature, that is, published.
Many other projects have not been included because they are not present in the
literature, for example, military vehicles covered by military secrecy or projects
of small private companies active in recent years.

1.5 Industrial State of Art

This section shows the most ambitious projects that explicitly have the
achievement of autonomous navigation as a primary objective. Unsurprisingly,
these projects belong to large corporations, international bodies and
classification registers.

Indeed, as a long-term sustainability approach to shipping, a research project
co-founded by the European Commission called MUNIN (Maritime Navigation
through Intelligence in Networks) had the task of developing a concept for
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unmanned and autonomous merchant vessels and investigating the feasibility
during the deep-sea voyage [113]. The study has been conducted taking into
account that the more likely scenario shortly is the simultaneous operation of
manned and unmanned vessels on the oceans and researching the autonomous
vehicle impact would have on the existing international legal framework of
shipping. Therefore, the research project budget was 3.8 min EUR to study the
autonomous topic's legal, economic, and technical aspects.

Meanwhile, concerning the industrial sector, another crucial research project
has been conducted by Rolls-Royce, named AAWA (Advanced Autonomous
Waterborne Applications Initiative). The research budget was 6.6 min EUR,
and the aim was to study the specification and preliminary designs for the next
generation of ships. Moreover, to underline the importance of autonomous
navigation being considered for the company, the first sentence of the technical
report whitepaper [114] has been reported: "Autonomous shipping is the future
of the maritime industry. As disruptive as the smartphone, the smart ship will
revolutionise the landscape of ship design and operations.” Mikael Makinen,
President Rolls-Royce Marine. The MUNIN and AAWA projects have already
been finished (in 2015 and 2017, respectively).

Indeed, Rolls-Royce and Finferries started the collaboration SVAN (Safer
Vessel with Autonomous Navigation) [115] to develop and build an
autonomous ship based on the AAWA project knowledge. Furthermore, in
2018, navigation was successfully demonstrated aboard Falco, "the world's first
fully autonomous ferry" in Finland [116]. During the demonstration, Falco,
53.8-metre double-ended car ferry, conducted the voyage under fully
autonomous control. The vessel detected objects utilising sensor fusion and
artificial intelligence and conducted collision avoidance. In addition, also
automatic berthing was carried out. Furthermore, all the navigation was
conducted without any human intervention by the crew.

Another important autonomous shipping project EU funded started in 2019,
AUTOSHIP — Horizon 2020 [117], aims to speed up the transition towards the
next generation of autonomous ships in the EU by means of an increase in
coastal short-sea and inland waterways shipping to reduce road freight
transport. The project has a consortium composed of several partners, including
Bureau Veritas and Kongsberg (which acquired Rolls-Royce Commercial
Marine in 2019). The project aims to build and operate two different
autonomous vessels, demonstrating their operative capabilities in short sea
shipping and inland waterways scenarios, focusing on goods mobility.



In cooperation with Yara, Kongsberg, active in autonomous navigation, is
working on the "world's first fully electric and autonomous container vessel
with zero emissions” called Yara Birkeland [118]. The aim is to obtain a ship
able to be manned by a remote position and fully autonomous, equipped with
electrical propulsion, battery and control systems used for coastal navigation
along with the Norwegian coast. On November 18, 2021, Yara Birkeland took
its first manned trip to Oslo before it was put into operation. Nowadays, it has
started a two-year trial to become autonomous and certified as an autonomous,
fully electric container vessel.

Classification society DNV-GL conducts another similar project regarding
unmanned, zero-emission, short-sea vessel navigation. The project is named
ReVolt and aims to develop a 60 metres long fully battery-powered
autonomous vessel. For the purpose of testing the autonomous capabilities of
ReVolt, a 1:20 scaled model has been built thanks to a collaboration with the
Norwegian University of Science and Technology (NTNU) [119].

This great interest from Norway has resulted in the concession of a large area
of Trondheimsfjord designated as an official test bed for autonomous trials. As
a result, Trondheimsfjorden Test Area was established in 2016 as the world’s
first test area for autonomous ships to transform from traditional to autonomous
shipping [120]. At the head of this project, SINTEF, Norway's largest research
institute.

Another important site for the autonomous navigation tests was created in the
Great Lakes region in USA and Canada in the US waters area, called Marine
Autonomy Research Site (MARS) [121]. Indeed, the Smart Ships Coalition
announced a Great Lakes testbed area open to all companies, research
institutions, and government agencies to test autonomous surface and sub-
surface vehicles and related technologies.

The Oceanalpha announcement in Zhuhai represents another important event
in China, on December 3, 2019 [122]. Oceanalpha is an unmanned surface
vessel company (USV). It announced that its parent company Yunzhou
Intelligent Technology Co., in partnership with the Wuhan University of
Technology, the China Classification Society (CCS), and the Zhuhai city
government, created the test site for autonomous vehicles called "Wanshan
Unmanned Test Site". The testing site for autonomous navigation is the largest
in the world and the first in Asia. The test site is located in the Wanshan Islands
and covers an area of 771 square kilometres. The test field would allow the
testing of technologies suitable for the achievement of autonomous navigation,
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such as the prevention of obstacles (collision avoidance) and the pursuit of a
route (track keeping).

Another significant and ambitious project based in the East is supported by The
Nippon Foundation MEGURI, which aims to promote the development of
completely autonomous ships. In particular, on 2022 January 17, the world’s
first fully autonomous ship navigation system on a 222-meters car ferry was
carried out, conducted on the lyonada Sea from Shinmoji, Kitakyushu City. The
ferry is able to autonomous port berthing and unberthing using turning and
reversing movements and high-speed navigation of up to 26 knots. In addition,
the advanced, fully autonomous operation system includes sensors to detect
other ships using infrared cameras, a remote engine monitoring system, and a
sophisticated cyber security system. [123]

As shown, the interest in achieving autonomous navigation is widespread
worldwide. As a result, a consortium called INAS (International Network for
Autonomous Ships) was created. The INAS members are research institutes for
each nation interested in the theme of autonomous navigation [124]. From these
numerous projects, a very high interest in autonomous navigation, especially
for navigation in restricted waters to reduce the transport of goods by road,
emerges. Indeed, most of the projects concern coastal applications in northern
Europe, where transport by sea can drastically reduce the delivery time
compared to road transport due to the morphology of the territory.

1.6 Autonomous Vessels Taxonomy

From the review previously shown, there is a lot of ambiguity and confusion
regarding the terms of autonomous vehicles. In particular, many terms,
hereinafter an example of terms used ASV, USV, ASC (autonomous surface
craft), MASS (Maritime Autonomous Surface Ships) and AUSV (armed
unmanned surface vehicle), very often are used as synonyms when they are not,
in particular ASV and USV. Indeed, an unmanned surface vehicle, USV, does
not necessarily mean that a vehicle is capable of acting without human
intervention. Usually, the correct use of the USV term is to represent an
unmanned vehicle commanded by a remote station or acting automatic
instruction a priori imposed. Contrarily, the term ASV focuses not on human
beings' presence or not on board but on the ability to perform a navigation task
autonomously. Obviously, an ASV could be unmanned, but this characteristic



does not have to change the term to describe it. In general, an ASV can be
unmanned as a function of its purpose, but the contrary is not valid. Indeed, a
USV cannot be an ASV.

In general, an ASV must have the situational awareness capability to the
knowledge of the surrounding environment. Indeed, a vehicle to be categorised
as autonomous must have the following technical characteristics, indispensable
for autonomously accomplishing the task: automatic route generation and path
planning control, object detection capability and collision avoidance capability,
and autonomous decision-making system [125].

1.7 Autonomous Vessels Regulations

Initially, in 1978 [126], the definition of autonomy level pioneer was the
Sheridan's classification. Sheridan has defined ten levels of interaction between
human beings and autonomous systems. As shown in Table xxx, the higher
levels represent increased computer autonomy over human action.

Table 4: Sheridan's classification

Levels Description
1 The computer offers no assistance: humans must take all decisions and actions.
2 The computer offers a complete set of decision/action alternatives
3 Computer narrows the selection down to a few
4 The computer suggests one alternative
5 The computer executes a suggestion if the human approve
6 The computer allows humans a restricted time to veto before automatic execution
7 The computer executes automatically, then necessarily informs human
8 The computer informs humans only if asked
9 The computer informs humans only if it (the computer) decides to

10 The computer decides everything acts autonomously, ignoring the humans
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The levels are based on the classic four control concepts:

e Information acquisition: sensing and acquiring input data through the
continuous monitoring of the environment around or through a
communication channel.

o Information analysis: elaborating received data, creating predictive
algorithms or integrating different input variables.

e Decision and action selection: evaluating different proposals, selecting
decision and action.

e Action implementation: receiving the inputs from the decision made
and having the goal to execute the actions.

Each of these functions can be automated to differing degrees or many levels.

Nowadays, in February 2017, during the Maritime Safety Committee (MSC)
98" session, IMO (International Maritime Organization) started the process to
create a regulatory framework for MASS and the interaction among the manned
ships within the existing IMO rules [127]. In particular, MASS could be
subdivided into different autonomous classes with different impacts regarding
the legislation and the operativity:

Table 5: 98" MSC session MASS subdivision [128]

Type Description

Autonomy Assisted Bridge (AAB) The ship bridge is always manned, and the crew can
immediately intervene in ongoing functions. This
will not generally need any special regulatory
measures except perhaps performance standards for
new functions on the bridge.

Periodically Unmanned Bridge (PUB)  The ship can operate without a crew on the bridge
for limited periods. The crew is on board the ship
and can be called to the bridge in case of problems.

Periodically Unmanned Ship (PUS) The ship operates without a bridge crew on board
for extended periods.

Continuously Unmanned Ship (CUS)  The ship is designed for unmanned operation of the
bridge at all times, except perhaps during special
emergencies.




Following the indications of IMO, the major classification societies wrote their
guidelines regarding autonomous navigation: Lloyd's Register (LR Code for
Unmanned Marine System, 2017) [129], Bureau Veritas (Guidelines for
Autonomous Shipping — NI1641 RO1, 2019) [130], and Det Norske Veritas
Germanischer Lloyd (Autonomous and remotely operated ships - DNVGL-CG-
0264, 2018) [131]. In particular, classification societies reported their levels of
navigation automation.

Table 6: LR, Levels of navigation autonomy [129]

Autonomy level Description of autonomy level

All action and decision-making performed manually
(n.b. systems may have level of autonomy, with

ALO Manual . A
Human in/ on the loop.), i.e. human controls all
actions.
All actions taken by human Operator, but decision
ALL On-board support tool can present options or otherwise

Decision Support influence the actions chosen. Data is provided by
systems on board.

All actions taken by human Operator, but decision
On & Off-board support tool can present options or otherwise

AL2 . - - .
Decision Support influence the actions chosen. Data may be provided
by systems on or off-board.
. . Decisions and actions are performed with human
Active’ Human in .. .
AL3 supervision. Data may be provided by systems on or
the loop
off-board.
Decisions and actions are performed autonomously
Human on the . L. . L.
with human supervision. High impact decisions are
AL4 loop, Operator/ . . R
. implemented in a way to give human Operators the
Supervisory . . .
opportunity to intercede and over-ride.
Rarely supervised operation where decisions are
AL5 Fully autonomous . Y sup P ;i
entirely made and actioned by the system.
Unsupervised operation where decisions are entire
AL6 Fully autonomous P P ly

made and actioned by the system during the mission.
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Table 7: BV, Levels of navigation autonomy [130]

. . Authority  Action
Degree of L Information  Information .
. Manned Definition L . tomake initialised
Automation Acquisition  Analysis .
decisions by

Automated or manual operations

Human are under human control. Human System
A0 Yes L Human Human  Human
operated makes all decisions and controls all Human
functions
Decision support: system suggests
Human . e System
Al . Yes/No actions. Human makes decisions System 4 Human  Human
Directed . Human
and actions.
Human System invokes functions. Human
A2 Delegated Yes/No must confirm decisions. Human can ~ System System Human  System
g reject decisions.
System invokes functions without
waiting for human reaction. System
Human

A3 Yes/No is not expecting confirmation. System System  System  System

Supervised Human is always informed of the
decisions and actions.
System invokes functions without
informing the human, except in case
Full of emergency. System is not
A4 ! . Yes/No _g y ] 4 . : . System System  System  System
Automation expecting confirmation. Human is

informed only in case of
emergency.




Table 8 DNV-GL, Levels of navigation autonomy [131]

Autonomy level

Description of autonomy level

DS

DSE

SC

Manually operated function.

System decision supported function.

System decision supported function with conditional system
execution capabilities (human in the loop, required
acknowledgement by human before execution).

Self controlled function (the system will execute the
operation, but the human is able to override the action.
Sometimes referred to as 'human on the loop).

Autonomous function (the system will execute the function,
normally without the possibility for a human to intervene on
the functional level).

Eventually, the autonomous ship study and regulatory framework in order to
establish what is meant when the term MASS is used started in the MSC 98th
session and ended with the MSC 100th session [132]; as a result, IMO
established new levels with specific characteristics that the ship must possess.

Table 9. 100t MSC session MASS subdivision

Type

Description

Degree one

Degree two

Ship with automated processes and decision support: Seafarers are on
board to operate and control shipboard systems and functions. Some
operations may be automated and at times be unsupervised but with
seafarers on board ready to take control.

Remotely controlled ship with seafarers on board: The ship is
controlled and operated from another location. Seafarers are available
on board to take control and to operate the shipboard systems and
functions.
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Degree three Remotely controlled ship without seafarers on board: The ship is
controlled and operated from another location. There are no seafarers
on board.

Degree four Fully autonomous ship: The operating system of the ship is able to
make decisions and determine actions by itself.

Despite this intense interest in the autonomous navigation sector and its
achievement, the current scenario shows a lack of homogeneity, an unclear
regulatory framework where each entity proposes its own regulatory
framework similar to the others but not perfectly superimposable. Furthermore,
at the moment, the IMO prohibits navigation in deep water, allowing it only in
coastal areas. This scenario potentially slows the development of autonomous
boats from a legal, administrative and insurance point of view. On the other
hand, since the autonomous ship is an objective that has never yet been
achieved, it is expected that there has been confusion in recent years. A defined
regulatory framework will be possible only when the first autonomous will be
built and tested the ship's potential in terms of safety and reliability.



Chapter 2

2.1 Decision Process Structures

As shown in the previous chapter, there is a great deal of interest in autonomous
navigation due to the promises of increased navigation safety guaranteed using
this now mature and available technology.

Before discussing a possible structure and any differences between frameworks
regarding the presence of a human being on board, delegated to make decisions
on the route to follow, with respect to a completely autonomous ship, it is
essential to define what is meant by Guidance Navigation and Control (GNC)
by means of a brief description of the parts that make it up the system.

Guidance refers to determining the desired navigation path (the "trajectory").
The path is information as a function of the task of the vehicle, from the actual
location to the desired position, potential obstacles, desired changes in velocity,
rotation, and acceleration for following that path or achieving the task.

Navigation refers to the determination, at a given time, of the vehicle's state.
Knowing the vehicle's state means knowing several characteristics of the
vehicle, e.g. location and velocity or/and the surrounding environment vehicle,
e.g. other ships or fixed obstacles. The knowledge of this data is guaranteed by
sensors installed onboard.

Control refers to the manipulation of the forces required to execute guidance
commands while maintaining vehicle stability.

Achieving full autonomous navigation is a very ambitious and challenging task.
Nevertheless, it is conceivable that the studies carried out so far could
contribute to the development of an increasingly safe and efficient decision
support system obtaining a crew's decision-making on the bridge. Indeed,
studies and research focused on new guidance logics such as collision
avoidance can be used as a source of additional information to the commander
to modify the original route to prevent a collision by route changing advice. In
the following have been reported the architecture of a potential framework for
manned and autonomous ships, in

Figure 1 and Figure 2, respectively. The proposed workflow is based on
scientific literature [133, 134].
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The decision-making process for the manned ship, shown in

Figure 1, is composed of the ship block, the Navigation system, the Collision
Avoidance (CA) System and the Decision Support System. The subsets
communicate with each other respecting a well-defined hierarchy. The ship
block is characterised by three main parts, the actuators, the hull and the
sensors. The actuators have the task of exerting and directing the thrusts in order
to obtain the desired manoeuvre. The hull is the rigid body on which
environmental forces act. The sensors gather data on the ship's state and about
the surrounding environment. These can be RADAR (RAdio Detection And
Ranging), AIS (Automatic Identification System), GNNS (Global Navigation
Satellite Systems), torque transducers, revolution counter, etc. The collected
sensor data is used as input in the Navigation block, which combines the
collected information according to a hierarchy of importance to obtain specific
information on the self-state of the ship and the surrounding environment. The
output of the Navigation block can be used immediately as visual or audible
feedback to the operator on the bridge, or the CA system can further process it.
Indeed, the CA system has the task of verifying that the own current route of
the ship is not in conflict with obstacles detected by the sensors. In the event of
a conflict, the CA provides the operator with valuable information in order to
resolve the conflict. For example, this can be the change in heading or rudder
angle. Eventually, the human operator, aware of the mission he must carry out,
can decide the route based on the decision support obtained.

The proposed framework without the human factor, shown in Figure 2, has an
additional set of instructions. In particular, the guidance block has the path
generation and the global planner. The path generation system aims to produce
and upload, every time step, a safe navigation path. It is obtained by means of
the knowledge of the obstacle presence and the global navigation path,
evaluated by the global planner by using the information regarding the
navigation task to achieve. The output of the guidance system flows in the
motion controller that is programmed to evaluate the magnitude and direction
of the thrusts as a function of the requested displacement and ship's speed
(different control logics request different ship's data). Eventually, the motion
controller sends the requested signal to the actuator to close the control loop.

It should be emphasised that the frameworks exposed and discussed represent
two extremes where for example, navigation with a human operator excludes a
control block, and when there is a Control part, the human operator is
completely removed. Indeed, in a real scenario, it is straightforward that hybrid



frameworks can occur in which tasks are entrusted to the control system due to
the physiological limits of the human operator, who would not have the
capabilities in terms of reactions or sensitivity to perform the desired
manoeuvre. In these hybrid systems, some manoeuvres are carried out
autonomously, and the operator has the task of supervising the execution of the
manoeuvre and possibly, in case of system failure, can intervene by overriding
the system.

In this context, the studies carried out and shown in the following chapters refer
to two distinct framework topics: Control and Collision Avoidance. In
particular, the dynamic positioning system obtained by means of a tug dynamic
simulator and sensor-based collision detection and multi-obstacle tracking have
been studied and developed. For such reasons, the detailed descriptions of the
aforementioned automatic control logics have been reported in the following.

2.1.1 Dynamic Positioning system

The history of Dynamic Positioning (DP) began in the 1960s for offshore
drilling applications. In particular, the first ship equipped with a DP system was
a drillship — Cuss 1 — in 1961 [135], since DP systems have been one crucial
interest topic for the oil industry [136]. Indeed, from its first applications, DP
has proved to be a fundamental tool for equipping ships able to work in the
offshore environment, operating in blue water, where the other station-keeping
options (jack-up barge & anchoring) were too expensive or unsuitable.

Technology progress has improved the DP systems from the first applications,
such as accuracy, thanks to the global navigation satellite systems (GNSS).
Furthermore, more precise and less expensive technologies nowadays available
[137] lead to the use of DP systems for other maritime fields. Moreover, in the
last ten years, due to the strong push for the complete automation of land and
sea vehicles, research studies related to DP systems are solving autonomous
navigation challenges at very low-speed.

Undeniably, autonomous navigation has been a hot topic in recent years as a
solution to reduce gas emissions, optimising fuel consumption; or improve
navigation safety by avoiding human errors [138]. Indeed, many industrial and
University projects have been developed that focus on achieving it. For
instance, some model-based and experimental studies were conducted to
analyse the controller behaviour [139, 140]. Model-based design is one of the
most widely used approaches to designing the DP controller structure [141,
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142, 143]. Indeed, it has the advantage to emulate real system behaviour. On
the other hand, it requires the knowledge of a multitude of vessel parameters
that increases with the degrees of freedom of the dynamic simulator that is used.
These parameters are not always available, and for such a reason, other
approaches should be considered [144, 145].

The DP systems control logic structure is a complex subject based on automatic
ship motion control. For such a reason, it requires the integration of several
subsystems and a thorough knowledge of their mutual interactions. It is
composed of three main sub-sets: the controller, the force allocation logic
(FAL), and the thrust allocation logic (TAL). The controller and the thrust
allocation development are the kernels of a DP systems design; they can be
developed in several manners with profoundly different approaches [146, 147].
The case study, used to validate the proposed idea, refers to a fully actuated tug
testing model equipped with two azimuth thrusters and one bow-thruster. The
structure of the developed DP system, the purpose of the research, and the
results are shown and critically discussed in the following chapter, in particular
Chapter IV.

2.1.2 Collision Detection and Avoidance

The need to preserve human life and the environment's health is crucial. For
such a reason, the collision avoidance system has been deeply studied in
scientific literature. Indeed, the study and use of the Collision Avoidance
system is not a new topic in the marine field. The first assessment of collision
avoidance dates back to 1960 [148].

While the task of avoiding collisions looks simple, in particular in a marine
environment, accomplishing this task is not. Furthermore, despite the
automotive or aircraft sector, the ship can be seen as a single model, a prototype,
as it is complicated to standardise the product. This difficulty implies that as
the ship varies, there will be a variation in the actuators and the sensors installed
onboard. For this reason, numerous different approaches to the development of
the Collision Avoidance System can be found in the literature. Indeed, there are
different approaches based on different sensors installed onboard. Generally,
those always present onboard RADAR and AlS are used.

Most of the marine applications are based on classic heuristic algorithms,
reducing computational time, such as genetic algorithms (GA) [149, 150, 151].
Also, iterative methods set up the minimum rudder angle to avoid a collision



[152]. In addition, also potential field methods are also widely used for various
unmanned vehicles [153, 154, 155]. Potential field methods are based on the
concept of associating a potential for every element present in the scenario.
Sources are associated with obstacles, while the target is modelled as a sink.
Indeed, the trajectory is found by solving the minimum potential path.
Eventually, some of the most recent works are based on random sampling
algorithms, which conjugate a relative simplicity and flexibility with great
computational performances. The random sampling philosophy inspired a
considerable number of different algorithms [156, 157].

A significant number of the papers presented in the literature review deal with
the collision avoidance problem does not consider compliance with the
regulations defined by the International Maritime Organisation (IMO). This
aspect is true, but more and more publications have dealt with COLREG within
the collision avoidance problem in the last three years [158, 159, 160, 161]. In
particular, when the case studies are on large ships, COLREG, or the
Convention of International Regulations for Preventing Collisions at Sea [162],
which includes several rules and regulations for the proper conduction of
marine vehicles for safe navigation.

As shown before, the input most used for the CA system is represented by AIS
and RADAR data. However, in a real scenario, in which there are surface
vehicles of very different dimensions, ranging from the 300-meter container
ship to the small 5-meter pleasure vessel, it is possible to demarcate the various
types of tools used. In particular, instruments such as AIS (mandatory on ships
with gross tonnage over 300 tons and on all passenger ships) and RADAR can
be considered reliable and usable instruments for long distances, as they have
an operating range above ten nautical miles. However, these instruments
represent strong limits in this context, such as the failure to detect an obstacle
not equipped with an AIS system or an obstacle that does not have a magnetic
signature (small pleasure boat). Therefore, it is conceivable to use other
instruments to detect any obstacle in a real scenario for these cases. These can
be LIiDAR (Light Detection and Ranging) or Cameras (also infrared cams for
night detection or in case of adverse weather conditions). In this case, the use
of these technologies can be made for a different range of applications, in the
order of 100 meters. Hence, in a real scenario, assuming equipping a ship 100
meters long with these devices, it can be assumed that the obstacle detection
can be a function of the obstacle distance or to use the different sensors in
different scenarios, for instance, when navigating away from the coast use AIS
and RADAR while when navigating near the coast or in a harbour scenario, use
LiDAR and Cameras.
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In this context, the research study has been carried out by means of a tug testing
model of 1m length unequipped of these sensors. For such a reason, the purpose
of research has been to test and develop a collision detection based on LiDAR
able to detect potential obstacles and track them. In this case, developing an
obstacle tracking system based on a LiDAR sensor means working in an
operating range of 100 ship lengths, so only in the case of a small ship, it is
possible to use this type of sensor for the detection of obstacles in close to the
ship and for long distances (100 ship lengths). In Chapter V, the sensor-based
obstacle detection developed framework and the tracking results have been
shown and discussed.



Chapter 3

3.1 Lab Description

The laboratory was assembled during the PhD period. This includes different
instruments, including a remote controllable and self-propelled ship model, a
video-tracking system used to know the model's position inside the tank,
different sensors purchased in order to equip the boat with the capability of
situational awareness, and finally, two small and medium-sized tanks in which
to carry out the experimental tests.

3.1.1 Available Sensors

Initially, the sensors selected to allow the ship to assess the distance from any
obstacles were ultrasonic. Specifically, the HC-SR04 modules were used, with
which it is possible to make distance measurements. According to the radar
principle, an ultrasonic pulse can measure the “small” distances (the datasheets
declare an operating range between 2 - 400 cm) acceptably accurate. An
ultrasonic transducer emits a few pulses of a signal with a frequency of 40 kHz.
This signal is reflected on an object in the aforementioned distance range and
with a minimum surface area of 0.5 m2. The reflected signal is captured by the
second transducer and amplified. Therefore, measuring the time between
sending and receiving pulses can accurately measure the distance from the
transducers to the object. The speed of sound in air at sea level at 0 ° C and 0%
relative humidity is 331.4 m/s. The distance is evaluated as the measured signal
return time times (time between sending and receiving divided by 2) speed of
sound in the air.

, tsign.
dist.= T Usound.air 1)

Furthermore, knowing that the operating conditions in which the experimental
tests will be carried out do not correspond to the reference values at which the
speed of air is given, to increase the accuracy of the distance obtained, it is
necessary to take into account the local temperature and humidity of the air.
The following relation gives the speed of sound:
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Vsound.air = 331,4 + [0,606 T] + [0,0124 TH] 2)

where: T is the air temperature in °C and TH is the relative humidity in %.

In order to obtain the speed of air, the DHT22 module was used. The sensor is
capable of reading the instantaneous air temperature and relative humidity
values. The manufacturer provides the following technical characteristics:

e Operating range; Relative humidity 0-100% RH; Temperature -40 ~ 80
Celsius;

e Error; Humidity +-2% RH (Max + - 5% RH); Temperature <+ - 0.5
Celsius;

e  Sensitivity; Humidity 0.1% RH; Temperature 0.1 Celsius;

Moreover, modules (ACS712 of 20 A) were adopted to know the voltage and
amperage that motor controllers send to the actuators to work. The ACS712
provides economical and precise AC or DC sensing solutions in industrial,
commercial, and communications systems. Indeed, typical applications include
motor control and load detection.

Eventually, a GPS and IMU are available. In particular, the MTi-G-710 is a
GNSS/INS system capable of providing information relating to position and
speed (integrated GPS and GLONASS receiver) and movements in space (Roll,
Pitch and Yaw) by combining the use of the merging algorithm of the XKF
data, the innovative XEE filter (Xsens Estimation Engine) and the raw data
coming from the internal sensors (accelerations - angular velocities - variation
of the magnetic field). The proprietary software provides orientation data in
real-time with high accuracy. Moreover, the libraries allow users to easily
integrate sensory data with custom software or with existing analysis
applications such as MATLAB, FlexPro or LabVIEW.

The system is IP67 (complete dust protection and protected from temporary
immersion), with a USB and RS232 interface.



MTi-G-710 GNSS/INS
Calibrated Sensor Data yes
Roll/pitch Static 0.2°

Dynamic 0.3°

Yaw In h(rnnng;f"mrmz:
magnetic field

Position and velocity

Horizontal position 10 STD (SBAS) 1.0m

20m

Velocity accuracy o RMS 0.05 m/s

Figure 3. MTi-G-710 spec techs

In recent years, LIDAR-type instrumentation has become increasingly frequent
due to price reduction and more precise data acquisition. LiDAR uses
ultraviolet to acquire information regarding the environment and target a wide
range of materials, including non-metallic objects. The operation is similar to
the best-known RADAR. The object distance is asses by measuring the time
elapsed between the emission of the pulse and the reception of the backscattered
signal. Therefore, the interest in this technology by the autonomous vehicles
research fields grows more and more, especially in the automotive sector to
achieve obstacle detection.

A typical layout of a LiDAR device includes different principal systems:

e Laser, whose task is to generate the light beam pulse.

e Scanner and optics system; that mechanically creates the scan and
collects the return signal.

o Receiver and electronics system; that exploit optical sensor to acquire
the return signal.

Many types of LiDAR are available, differing on the path of the laser beam,
wavelength, optical scanner technology, field of view (FOV), acquisition range
and intended use. A 360° FOV laterally oriented rotating LiDAR, optimized for
short-range acquisition, is often adopted in automotive obstacle detection
applications. These types of LiDAR generally work, adopting a divergent
spinning beam of the laser channel. A 360° FOV laterally oriented rotating
LiDAR, optimized for short-range acquisition, is often adopted in automotive
obstacle detection applications.

The LiDAR model used for the experimental campaign is HESAI PandarXT
LiDAR. It is a rotating multi-laser beam type. It provides 32 equally spaced
channels on vertical axes. It emits in the infrared spectrum and with tunable
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rotation (5-10-20) [Hz] speed defining different resolutions (in the horizontal
plane), while the vertical resolution is of 1-degree. The declared functioning
range is 120m. The dimension and laser beam cone are reported in Figure 4,
while the LiDAR's own reference frame has been reported in Figure 5

Laser Reception (red and blue regions)

13 13
; r— Laser Emission (red region) o5 P
Channel1 +15 x - : - =5
69.1 Laser Receiver Laser Emitter
E 61.1
Chamnel 16 0'= 484 o
=
E 31.2 <
= 244 ©
2 . " <
1 n h HESAI
Channel 32 - 16° 0 J |

315

Figure 4. HESAI Pandar XT-32 characteristics (unit, mm)

Figure 5. HEASI Pandar XT-32 reference frame

As previously written, the horizontal resolution is related to the rotor's
revolutions. In particular, the 5 Hz frame rate guarantees a horizontal resolution
of 0.09°. Considering the computational time needed to process a scan, a frame
rate greater than 5 Hz does not provide any benefits in terms of time accuracy
in a real application, but it implies a poor horizontal resolution; for this reason,
a b5 Hz frame rate has been adopted for all the acquisition performed with the
HESAI PandarXT LiDAR.



3.1.2 Model Scale Tug

The UNIGE testing model represents a tugboat with a 1:33 scale; TU-Delft
provides the original mock-up. The large hull shapes allow the researchers to
work efficiently inside of it, facilitating the preparation of the hardware, as there
is a large volume that allows easy management of internal hull devices set up.
Besides, the hull has excellent seakeeping behaviour to successfully carry out
without any waterboarding in future tests in an outdoor environment. This
characteristic is fundamental because all hardware components are inside the
hull, and the tug's deck does not have a watertight feature. The tugboat model
called "Tito Neri" has a length (Loa) equal to 0.97 meters, a maximum width
of 0.30 meters and about 13 kg of displacement. It is a completely electric
(equipped with a 12V Pb battery pack) self-propelled model thanks to two
azimuthal propellers and a bow thruster remotely controlled. The wireless
communication is done via the Xbee module mounted on the microprocessor
(Arduino) presented onboard. The Arduino installed onboard plays a low-level
controller role and communication with the remote console and can be powered
with a maximum voltage input of 5 V. This has made it essential to insert a
chopper that regulates the voltage between the batteries and the microprocessor,
guaranteeing a constant 5. The communication could also be via cable directly
connected to the Arduino board.

The tugboat model propulsion plant is composed of:

e Two azimuth thrusters: one for each shaft-line of the ship, are a
configuration of marine propellers placed in pods that can be rotated to
any horizontal angle (azimuth) in a range between [-180, +180],
making a rudder unnecessary. The type of azimuth thruster present on
the model has a duct. It is used to improve the propeller's efficiency in
heavy load conditions near the condition of zero speed.

e Two electric motors are coupled with the azimuth propellers by a
Z-drive gearbox; dedicated DC drives control DC motors.

e Bow thruster: has a separate electric motor, controlled by its relative
DC drive. It aims to improve the tug's manoeuvrability by generating a
controllable thrust in the bow part of the hull nearby zero-speed.

The tugboat model propulsion gives the capability to the tug model to be fully
actuated in the horizontal plane. In addition, the boat is not only equipped with
actuators but also with sensors:
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e Two rpm encoders: on the shaft line, they are mounted between the DC
motor and the azimuthal component. The information of the
revolutions of the main propellers is given by these types of equipment,
which allow for closed-loop control through the action of different
input parameters.

e Three current sensors were installed downstream of the DC drives. This
layout will be used for feedback logic application; indeed, it enables
knowing the current absorbed by the DC motors. Moreover, by means
of the information of current and voltage is possible to evaluate the DC
motor delivered power.

e Four ultrasonic sensors: Through an ultrasonic pulse, it is possible to
measure the "small" distances in an acceptably accurate manner. An
ultrasonic transducer emits some pulses of a signal with a frequency of
40 kHz. The reflected signal is captured by the second transducer and
amplified. By means of measuring the time between sending and
receiving pulses, the distance from the transducers to the object can be
evaluated, which is useful for auto berthing and collision avoidance
application.

e One humidity & temperature sensor: The sound speed in air is used to
evaluate the obstacle distance. In order to obtain a better measure of the
distance, the humidity and temperature sensor is used to evaluate the
sound speed in the air locally. Indeed, sound speed is deeply influenced
by air temperature and humidity.

e The superstructure was re-designed in order to perform a video-
tracking activity. The new superstructure was projected and 3D printed
with 5 (infrared) LED mounting. The particular shape of the
superstructure, in particular the position of the LEDs and their relative
distances, has been designed to increase the performance of the video-
tracking system; for this purpose. As a result, the LEDs have been
positioned on different planes, and it is possible to detect the ship's
motion at 6 DOF.

The listed sensors are not sufficient for the intended purpose, i.e., equipping the
ship with situational awareness capability. For this reason, a LIDAR sensor has
been purchased and used as the primary input sensor in order to develop the
experimental detection and tracking that represents the first step to obtaining a
collision-avoidance system. In addition, an IMU (Inertial Measurement Unit)
coupled with a GPS to be installed onboard was selected and purchased. With
the IMU and GPS, even in an outdoor environment, it is possible to track the
model position and its motions in 6DOF.



Figure 6. Tito Neri testing model

Moreover, the hydrodynamic characteristics and the lines plan are reported
hereinafter:

Table 10: Geometric characteristic of the hull at model scale

Ly [mm] By, [mm] T[mm] V[dm3] L/B B/T
891 301 103 13.28 2.96 2.92
Ay [dm?] Ay, [dm?] Cp Cp Cy Co
22.21 2.71 0.48 0.54 0.87 0.82
eond 0 e

Figure 7. Tito Neri lines plan.

50



3.1.3 Indoor Localization System

By carrying out the tests in an indoor environment, the choice of positioning
tracking via GPS is not possible. It was decided to set up a video-tracking
system for such a reason. In summary, the video-tracking system is used to
mimic the GPS within a closed space.

A 6-DOF video-tracking system has been implemented, tested, and validated
to know the position of the testing model inside the indoor tank. The
implementation is necessary to know the instantaneous position of the ship as
feedback during the tests. The video-tracking system is able to track infrared
(IR) bright spots in a dark room. In particular, the case study concerns a testing
model with a predetermined number of fixed points (landmarks) identified by
point-like light sources (IR bright LED spots) with the known 3D. The wanted
information is the position during the tests carried out within a test area.

First of all, the video-tracking system requires to be calibrated to determine the
optical camera parameters. In particular, the calibration of the camera is carried
out, assuming the validity of the pin-hole model with distortion. Moreover, it
assumes that the camera makes a linear 3D-2D projection of the world observed
on an image plane quantized in digital elements (pixels). By means of a 3x3
type K matrix (intrinsic matrix), the optical parameters (e.g. focal length),
which start from a generic point (XYZ), produce a pixel with coordinates (u,
V).

The linear pin-hole model is then applied to real cameras by introducing a
variable set of coefficients capable of modelling the inevitable distortion effects
introduced during manufacturing. The general model includes both radial-type
effects and tangential-type effects. The general model is able to handle even
low-quality commercial cameras (e.g. webcam).

Calibration is usually carried out by shooting planar 2D patterns (e.g. black and
with a checkerboard) from different viewing angles by observing the points of
the chessboard arranged on a regular 2D grid.

Moreover, the automatic search for LEDs on a generic image was conducted,
assuming that they appear as bright regions (spots) of predictable size. A
convolution operator (filter) has been defined whose response peaks localize
the position of the LEDs. The detector has the classic Laplacian of Gaussian
(LoG). It has two parameters: the expected size of the light spot in pixels and
the binarization threshold of the image expressed in grey level. The automatic
detection procedure returns the image coordinates of all the light spots found,



represented in an Nx2 matrix. Candidates are selected so as to be compatible
with some geometric assumptions on the 2D shape of the spot (min/max area,
eccentricity, min/max diameter). In the analyzed tested scenes, by adjusting the
ambient lighting so that only the spots are visible, the function achieves 100%
correct detection, with a false alarm rate close to zero. In this context, false
alarms represent false spots due to other light sources, such as water reflection.
Since these are practically absent, the function has been parameterized not to
have false negatives. If any spurious points remain, they will be removed in the
next recognition phase.

The estimation of the relative pose of the model concerning the camera involves
calculating the geometric transformation (RT roto-translation matrix), which
describes how the camera sees the 3D model in a certain image. The problem
is challenging because the bright spots are not indistinguishable from each
other, and therefore only through a geometric check it is possible to establish
the correct correspondence between the points of the 3D model and the spots
observed. It should also be considered that spurious spots may also exist in real
ones. The problem was solved by exploiting the fact that the points of the model
are few (five bright spots), and the incidence of false spots is very low.
Knowing N spots makes it possible to enumerate all the arrangements of 5
elements starting from N and for each of these to establish whether there is a
reliable mapping between the 3D model and 2D image - The permutation
choice that minimizes the error is the correct one.

Compared to the research conducted on independent images (script detection),
the tracking process introduces variants that do not repeat useless calculations
and quickly converge on the correct association between light spots and LEDs.
Once a valid frame has been found, the processing of the next one is conditioned
by launching the search for spots only on five small square regions centred on
the positions already calculated. In this way, two results are obtained: a clear
speeding up of the search process and a direct association between spot and 3D
point.

The result is a process in which each 3D point numbered from 1 to 5 is followed
in each sequence frame. The model position is always calculated at each frame,
expressed by three translation components and three rotation angles, as shown
in Figure 8.
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Figure 8. Video-tracking system acquisition

The video tracking system described comprises a FullHD 1920x1080 camera
with 2MP resolution and variable focal length. The camera is suspended at 2
meters from the tank, and the field of view is 3x2 meters. The system has a high
level of accuracy on the plane. Furthermore, it has an accuracy depending on
the field of view. In particular, using the previously set up conditions, the
accuracy on the plane is 1 cm for translation and 1/10 of a degree for rotation.

To summarize, the proposed video-tracking system makes it possible to trace
the ship's position during the manoeuvres within the tank. The position of the
ship data inside the tank represents fundamental data as used as feedback for
the control logic. The video-tracking system estimates the pose concerning the
model regarding the camera and a fixed reference frame (in the case study, the
frame is placed equal to one of the tank corners). As described previously, the
problem of the evaluation of the model’s rotations and translations is
challenged because the light spots onboard the model are among them
indistinguishable, and it is therefore only through a geometric verification that
it is possible to evaluate the correct correspondence between the known points
of the 3D model and the observed spots. In addition, it could also occur that
spurious spots can appear in addition to the real ones due to the reflection of
the water or other luminous sources. The problem was solved thanks to the
high-fidelity level of false spots and the position knowledge of light spots.



3.1.3.1 Superstructure video-tracking system project

As described, the light spots used for position tracking are five. Initially, the
ship model had only three light spots available for video tracking. The need to
redesign the superstructure was dictated by three identified spots representing
the minimum number to accurately identify an object's bright spots moving in
space through the available video-tracking system. The new superstructure was
designed to accommodate five IR LEDs. The passage from three to five LEDs
is because, in some conditions, it could happen that the LED was not detected,
as the light spot of the LED is visible when the LED is placed perpendicular to
the camera lens. In particular conditions, such as very accentuated roll motion,
this condition was not verified, causing tracking loss. By using five LEDs, this
phenomenon is mitigated.

The particular shape of the superstructure, particularly the position of the LEDs
and their relative distances, was designed to maximize acquisition by the video-
tracking system. For this purpose, they were positioned on different planes and
with symmetry concerning the plane of ship symmetry plane. Furthermore, by
redesigning the superstructure, it was possible to know the position and
distances between the various light spots with extreme precision. The
superstructure was redesigned through software for 3D modelling and realized
by employing 3D printing (Fused Filament Fabrication - FFF or FDM).

The 3D project is shown in the following figure and the dimensions of the light
spots on the table.

Figure 9. Superstructure redesign
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3.1.4 Communications Infrastructures

There is a need to know the instantaneous ship position during the tests as
previously described. For the reason that the tests are carried out in a closed
environment, the choice of tracking the position via GPS is not suitable. In
addition, GPS guaranteed tolerance is not sufficiently precise for the testing
purpose. It was decided to adopt a video-tracking system for all these reasons.
In summary, the video-tracking system is used to simulate the GPS inside a
closed space on the test model. The used video-tracking is an infrared type and
provides the information of three translations and three rotations.



In addition, another essential video-tracking system feature is the specific
communication with the PC. A UDP communication has been developed
because it is possible to separate the PC which controls the model from the
video-tracking system. In this case, the PC save computational resources.

Currently, this feature is not entirely used because a single PC laptop perfectly
manages the computational resource requested for only one camera and the
Simulink control code to command the testing model. However, this feature is
essential for future development where enhance the Simulink command model
in which a completely integrated architecture with a guidance system and
collision avoidance logic is implemented and a video-tracking system
composed of multi-camera. In this case, only one PC that has to elaborate all
information could be costly resourced computational consuming. To
summarize, the testbed used for the trials are shown in the following:

Figure 11: Test-bed Layout

The PC laptop simultaneously runs the video-tracking system and Simulink
command interface for the testing model. The communication between the
laptop and the testing model is a wireless type. The signals that the laptop sends
to the model are the angular position of the starboard and the portside azimuthal
thruster (2 variables), the thrust of the starboard and the portside azimuthal
thruster (2 variables) and the thrust of the bow-thruster (1 variable). The camera
that communicates with the laptop with UDP (User Datagram Protocol) sends
the information of the position and the velocity of the ship by evaluating the 2D
image of the infrastructure in which are collocate the infrared light spots.
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Chapter 4

4.1 Digital Model 3DOF

In this Chapter, the mathematical models used to develop a simulation platform
to be used as a preliminary benchmark are shown. The developed dynamic
simulator accounts for the x-y plane motions: surge, sway, and yaw. The
mathematical model describes the system behaviour and consists of a set of
rules of a mathematical nature, which emulate the behaviour of the set of the
single components that compose the real system. As a result, the system's
dynamic performance prediction can be more or less accurate according to the
degree of detail used for mathematically describing it. The simulator has been
developed in the MATLAB/Simulink environment and is composed of sets of
mathematical sub-models, which reflect the physics, each used to simulate a
specific system. In particular, the 3 DOF dynamic simulator is composed of
several subsystems:(i) Two independent Propulsive Line Subsystem;
composed of Electric Motor, Shaft Line Dynamic, and Azimuth Propeller; (ii)
Bow Thruster; (iii) Hull Forces; (iv) Environmental Disturbances; (v) Motion
Solver. Each of the previous models has been detailed in the following
paragraphs. The aim is to emulate the behaviour of the ship dynamically. The
simulator workflow diagram is shown in Figure 12.
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Figure 12. Simulator platform conceptual layout.

A 3 DOF model has been chosen because the actual case-study propulsive
layout is unsuitable for counteracting forces and moments in the vertical plane



[163]. However, a 3 DOF simulator is sufficient for designing and evaluating
actuators' performance for a DP system at a preliminary design stage. A DP
capability performance assessment through a 6 DOF including vertical plane
motions (heave, pitch, and roll) is remarkable indeed; the motions also affect
the forces and moment in the x-y plane [164], influencing several operational
aspects [165]. However, the information needed to create a 6 DOF simulator at
the preliminary design stage is often unknown. For such a reason, further
investigations will be carried out in future. The proposed simulation framework
emulates the dominant dynamics of the tug testing model. Then, every
subsystem that composes the vessel has been mathematically described by
reproducing their functioning and mutual interactions. Ship fixed frame
(b1, by, b3) centred in L,,,/2 and earth fixed frame (ny, n,,n3), are used and
shown in Figure 13.

]
I

Figure 13. Reference frames

4.1.1 Towing Tank Test

In order to obtain the realistic behaviour of the dynamic ship simulator, towing
tank tests were conducted to assess the hull resistance.

One of the critical points to adequately describe the ship dynamics in the sea is
the knowledge of the hydrodynamic hull forces. Towing tank consists of towing
a ship model (built following a geometrical scale) at a prescribed speed
(following the Froud similarity) and measuring its experienced longitudinal
force. Some guidelines to perform a correct towing tank test are collected in the
ITTC guideline.

The first step in order to carry out the tests in the tank was the preparation of
the hull. The original deck has been replaced with one explicitly created to carry
out the towing tests. The characteristic of this specific deck is that it is not
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continuous but divided into two parts; the forward and aft parts are
distinguished. Furthermore, both deck parts are equipped with guiding plates to
forbid hull rotation during the towing test, as shown in Figure 14.

The choice of equipping the model with this type of bridge lies in the fact that
the model must be towed by means of a load cell connected to the hull by means
of a spring. The connection must be at the lowest possible altitude, possibly at
the same level at which it is finding the propellers. The towing by means of the
carriage, as the speed varies, allows knowing the drag resistance of the hull.

Eventually, some model components were removed, such as the superstructure
equipped with LEDs, used by the video-tracking system, and some electrical
devices. The removal of these components caused a new weight distribution
and a new displacement. For this reason, the model has been ballasted to regain
the weight and the starting position.

Load cell connected to
towing carriage

Figure 14. Hull outfitting for towing tests

Moreover, the analysis was carried out that allowed the comparison of the
detected through experimental tests and simulated through CFD simulation
models, the latter not conducted by the undersigned. Indeed, to validate the
CFD analysis, a 3D model of the towing model has been created. The partial
modelling of the azimuth thrusters is because the towing tests were conducted
with only part of the propulsors assembled; indeed, it was not possible to



completely disassemble the entire azimuth thruster. The recreated 3D model of
the tug boat hull is shown in the trim conditions in the towing tests performed,
Figure 15.

Figure 15. 3D hull

The reported towing tank tests had been performed in the University of Genova
testing facility. It is a 60 meters tank with a transversal width of 3 meters wide
and a water depth of 2.5 meters. Even if relatively small for industrial
applications, these dimensions are adequate for a short model of only a 0.89 m
length water line. On the other side, the carriage speed can reach three m/s of
stabilized speed. It is equipped with a longitudinal load cell connected with the
model through a free to move connection that does not interfere with the ship's
motion. The model, therefore, is free to sink and trim during the tests to reach
its dynamic attitude. The dynamic trim can be recorded thanks to two vertical
lasers positioned at the ship extremities.

Three sets of tests were performed. For each test, six runs at different speeds
with a maximum equal to 1.1 m/s were carried out. The max speed value was
chosen because the boat reaches a maximum speed of 1.0 m/s when it is self-
propelled. Another reason for the limitation of the maximum speed was to avoid
that the wave train that is created during the towing tests could risk damaging
the boat, as the new bridge is not watertight due to the positioning of the load
cell, and any boarding on the water would have compromised the trim and the
electrical instrumentation that has not to be possible remove. The three
resistance curves obtained through the tests carried out are reported.
Furthermore, it is possible to observe the comparison between the experimental
data and the curve obtained through hydrodynamic calculations in Figure 17
(CFD analyses carried out by Genova’s Hydrodynamic research group, in
Figure 16 was reported the prepared 3D hull during a CFD analysis).
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Figure 16. CFD analyses performed by the UNIGE Hydrodynamic research group
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Figure 17. Towing tank and CFD hull resistance comparison

The hull resistance curves that indicate the experimental value are blue, red and
yellow. It can be observed that the values of the repetitions are very similar to
each other, as well as the curve obtained through CFD calculations which
perfectly repeats the experimental curves. Another consideration regarding the
resistance trend is the change in slope for the speed of 0.9 m/s. This
phenomenon is because the boat's attitude changes profoundly when that speed
is exceeded, bringing the model to sink the bow part. A pic obtained during the
towing test carried out at maximum speed is shown, in which the immersion of
the bow and the generated bow wave on the side is distinguishable.



Figure 18: Towing tank test capture

4.1.2 Dynamical Simulator Structure

As briefly described previously, the dynamic simulator is composed of several
subsystems connected. In particular, the 3 DOF dynamic simulator is composed

by:

Two independent Propulsive Line Subsystem; composed by Electric
Motor, Shaft Line Dynamic, and Azimuth Propeller. The propulsion
plant has the aim to output the propeller thrust of the ship. This model
has a symmetrical propulsion plant composed of DC electric motors,
shaft lines, and azimuthal thrusters. All elements and their details are
modelled in their subsystem through math equations, and they describe
propulsion details as much as possible;

Bow Thruster; as the propulsion plant aim to evaluate the thrust by the
manoeuvering device, a DC electric motor delivers the thruster. The
BT is composed of a double propeller that implies a theoretical
symmetric behaviour of manoeuvering.

Hull Forces; described by Oltmann & Sharma model, and the hull
resistance has been obtained through experimental towing tank tests.
Environmental Disturbances; These forces are considered to evaluate
the total environmental force acting on the hull. The DNV-GL
formulation has been used to evaluate the forces and moment due to
wind, wave and current.
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e Motion Solver; the ship is considered a rigid body with six degrees of
freedom (surge, sway, heave, roll, pitch, and yaw). In particular, in the
case study, the degrees of freedom have been set equal to three (surge,
sway, and yaw. It is possible to obtain the ship acceleration, speed, and
position reached during the simulation by means of the Newton — Euler
formulation.

In the following, each subsystem has been analysed and mathematically
described.

4.1.2.1 Propulsive line subsystem

The propulsion system consists of two independent shaft lines, and each one is
modelled as the cascade of three mathematical sub-models: (i) a dynamic
equation of DC electric motor; (ii) the dynamic equation of the shaft line; (iii)
the ducted azimuth propeller. In detail, the DC electric motor is modelled by
the electromechanical relation described by a differential equation, as reported
hereinafter:

di
dt

1 3
= 7 [Vapp — Ri = Kew] )

where: i(t) is the current [A]; L is the inductance [H]; V., is the applied

voltage [V]; R is the resistance [Q]; w(t) is the motor angular speed [%]; and

K, is the electric constant related to DC wiring [rVa—Z] Through the integration

process, it is possible to obtain the DC magnitude. The output of the DC motor
subsystem is the DC delivered torque, Q.,,(t) evaluated as follows:

Qem = K i (4)

where K, is the mechanical constant related to construction characteristics of
the electric motor [NTm] Furthermore, under certain assumptions, it is possible

to approximate the electric constant, K., equal to the mechanical one, K,,,
[166]. The following differential equation describes shaft-line dynamical
behaviour:

dn, ®)
g = 9r

2m I



where: I is the total propulsive inertia [kg m?]; n, is the motor angular speed
[rps]; and Qr is the sum of the torques acting on the shaft line [Nm]. In
particular, the several torques considered are reported hereinafter:

QT = Qem - Qf - Qp (6)

where: Q. (t) is torque delivered by the electric motor; Qf;(t) is the friction
torque; and @, (t) is the required propeller torque. In particular, the friction
torque, Qfri-(t), is described by the following relation:

Qf = Qem [1 —nrr(ne)] (7

where: nrg is the transmission efficiency as a function of the motor rotational
speed (n,). The transmission efficiency behaviour is described by a function
that asymptotically increases up to the maximum efficiency value [167]. The
lower and upper bounds correspond to idle condition and maximum engine
speed, respectively; and are equal to nrz(n,) € [0.65 — 0.98]. The absorbed
propeller torque, @, (t), is described by the following relation:

_% ®

Q
an

where: Q, is the required open water torque; ny is the relative rotative
efficiency that is assumed constant. The propeller geometry model is described
by Kaplan 19A propeller [168]. To evaluate the delivered thrust and required
torque, the thrust coefficient, Cr, and the torque coefficient, C,, were used.
Such coefficients are described as a function of hydrodynamic pitch angle, S.
These coefficients, which replace the K7, K, are described as a function of the
advance coefficient, J, have been adopted to consider the operation of the
propeller in the four quadrants. In particular, a quasi-static approach is used to
evaluate the propeller forces and moment time histories. The formulation
relative to the propeller in the four quadrants used is reported in the following:

V(1 —w) 9)

= at _—
f = atan [0.7 7, D

V. = \/VZ (1-w)?+ (0.7 tn, D)? (10)
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1
To =2p Cr(B) mD2V? ; Qo = p Co(B) m D 2 (11)

where: V is the ship's speed [m/s]; w is the wave factor [—]; n, is the
propeller's angular speed [rps]; D is the propeller diameter [m]; V. is the
relative speed [m/s]; p is the water density [kg/m3]; T, is the open water
thrust [N]; and Q, is the open water torque [Nm]. Hence, the forces, X, ¥, and
moment, N, expressed in the ship fixed frame, are obtained in the function of
the geometric azimuth angle, &, as follows:

Xp =Tpcoséd
7, =14 Yp =Tpsend (12)
Ny =Ypxp = Xp¥p

where x,, and y,, are the coordinates of the propeller concerning the ship fixed
frame along b; and b, respectively. In particular, the assumed values of 6, i.e.,
the operating range of the propeller position is equal to [-180°, 180°]. This
aspect guided the fixed angle allocation logic development reported in the
following paragraphs.

4.1.2.2 Bow thruster subsystem

Beyond low-speed manoeuvring, the bow thruster is essential for
unconventional manoeuvrings, such as auto berthing and station keeping. The
bow thruster can have a single propeller, with an asymmetric behaviour (the
flow that crosses the propeller is disturbed from the presence of the hub), or a
double propeller, in this case, with symmetric behaviour. A double propeller
bow thruster is present and commanded by an electric motor in this application.
Hence, if the bow thruster is used, the manoeuvrability will be considerably
improved, especially at low speed. The bow thruster has been approximated as
a ducted propeller. By means of this approximation, it has been possible to
evaluate the thrust delivered and torque required. The channelled propeller of
the Wageningen Ka series, with the following characteristics: number of Z
blades equal to 3, Ae/Ao ratio equal to 0.65, nozzle 19A and pitch equal to 1,
has been taken as the referred propeller. By means of the information of thrust
coefficient, Kr(J), and the torque coefficient, K, (J), the forces, X, ¥}, and
moment, N, have been evaluated as follows:



_V+TXpy
=
" (13)

Top = pKr(J) np2D4 ; Qop = PKQU) anDS
where: v is the sway speed, i.e., the velocity component along b, [m/s?]; r is

the yaw speed, i.e., the angular speed around bs; and xpr is the bow-thruster
tunnel position in the ship fixed reference frame [m]. Hence:

th = 0
Tpe =3 Yor = Ton (14)
Npe = YpXpe

4.1.2.3 Hull forces subsystem

Oltmann & Sharma's hull forces model provides a realistic representation of the
hydrodynamic force performance for low-speed manoeuvres at high drift
angles [169]. For such a reason, since the dynamic simulator is used for research
focused on the study of DP system performance, it has been used for the
evaluation of hull forces, X, ¥, and moment, N;,,. The main idea behind the
model is that the total hydrodynamic force is composed of three main
contributions: ideal fluid forces, lift forces, and cross-flow drag forces. The
contribution of the hull resistance, Ry, in explicitly considered as a separate
term. The hull resistance is known accurately since the testing model conducted
towing tank tests. The ideal fluid forces are assessed using the potential theory,
i.e., neglecting viscosity effects. The hydrodynamic forces generated by a body
that moves in an ideal, irrotational fluid that does not generate lift can be
expressed through a mass matrix and added inertia depending exclusively on
the body shape. The wavefield formation phenomenon can be ignored
(simplification is acceptable for considering low Froude numbers).

Lift forces can be assessed by comparing the hull as a low aspect ratio wing. In
particular, a body in a fluid that moves at a given speed with a certain angle of
attack generates lift forces equivalent to a wing profile.

Cross-flow drag forces represent the resistance due to the viscous forces
generated by a moving body in a real fluid. Such a term considers the hull
divided into mutually non-influential sections and analyses each section of
length dx placed at a distance x from the axes' origin.
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Eventually, the formulation for 3-DOF for the hull forces and moment
evaluation is the reported after this, with the subscripts referred to as ideal fluid
forces (1), lift forces (HL), and cross-flow drag (HC):

Xh :XI +XHL _RT
Th={1Yn =Y + Yy + Yy (15)
Nh = NI +NHL +NHC

4.1.2.4 Environmental disturbances subsystem

DNV-GL formulation has been used to determine the environmental forces; in
particular, all disturbances (wind, wave, and current) have been considered to
assess the DP system and evaluate the dynamic positioning capability plots
(DPCPs). The total forces, X,p,, Yen, and moment, N,,,,,, have been evaluated
under the hypothesis of the linear superposition principle as follows:

Xenv = Xwina + Xw + X
Teny = VYenv = Ywina ¥ Yw +Yc (16)
Neny = Nying + Ny + N

where: w, ¢, wind subscripts refer to wave, current, and wind, respectively. The
DNV-GL rules provide the formulation for all disturbance models. In the
following, all the relations to evaluating the disturbances forces and moment
have been reported.

e
Xwina = —0.7 EpairVwindzAF,wind COS Vrel

— 2 :
1 Ywind = 0-9zpairVwind AL,wind SIN Yyer

V?l;el
Nying = Y, : ir+03(1-—2 L
| Vwind wind [xL,alr ( T > pp] (17)
i — { Yrelr 0 < Yrel =m
yrel ZT[ - Y‘rell T S yrel S 27-[

where: pg;, is the air density [kg/m3]; V,,inq is the relative wind speed [m/s];
Ap wina 1S the frontal projected wind area [m?]; AL ing is the longitudinal
projected wind area [m?]; x4 is the longitudinal position of the lateral



projected area centre (in the body-fixed frame)[m]; and y,..; is the relative wind
direction [rad].

( 1 '
X, = 3 ngSZB h(yrel,bowangle,CWLaft) f(T surge)

1 i ,
Y = 2 ngSZLOS (0.09sinyye ) f(T sway) (18)

dy:”el
LNW =Y, [st + <0.05 - 014 — ) LOS]
where: Hg is the significant wave height [m]; g is the gravity acceleration
[m/s?]; B is the maximum breadth at the waterline [m]; L, is the longitudinal
distance between the foremost and aft-most point under the keel line [m]; and
X} 0s 1s the longitudinal position of L,g/2 [m]. The following relations should
also be assessed:

h(yrel' bowanglev CWLaft) =0.09 hl (YTell bowangle: CWLaft) h2 (yrel)

where:

i
0.45 Yret
hl(yrelv bowangle' CWLaft) =038 bowangle + p

(0.7 Cyrape® — 0.8 bowgngie®*®)

hy(Yrer) = 0.05 + 0.95 atan[1.45 (¥}, — 1.75)]

and :
(19)
1 T'<1
(= {T'-3e1-T"3 T'>1
, Tz , Tz
woe = 09,0 ey = g7 pos

where: bow,y g 1S the angle between the vessel x-axis and a line drawn from
the foremost point in the water line [rad]; Cy 45 is waterplane area coefficient
and can only assume the values within the range € [0.85,1.15] [—]; T is the
main wave period [s]; and y,.; is the relative wave direction [rad].
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1
(Xc = —0.075,0 VCZB draft cosyye

1
Y. =06 Ep VCZAL,C Sinyye;

N, = Y, [x, . + max(minimum ,—0.2) Lpp] 20)
' 20

i
minimum = min [0.4 (1 ~2 y:f) , 0.25]
where: V, is the current speed [m/s]; draft summer load line draft [m]; Ay .
is the longitudinal projected submerged current area [m?]; x,. is the
longitudinal position of the area centre of A, . (in the body-fixed frame) [m];
and y,..; is the relative current direction [rad].

The wind speed is considered through the Davenport spectrum model [170],
tailored to generate allowable wind gusts for the proposed testing model. The
wind speed V,,,;nq, implemented in the simulator is evaluated by means of the
following formulation:

2 (21)

— 2 ~ 2
Vwind - (Vm,wind + 17g,wind) = Vm,wind + 2Vm,windvg,wind

where V, ing is the average wind speed [m/s], and v inq is the wind gust
speed [m/s].

4.1.2.5 Ship dynamic subsystem

The ship motions and displacements have been evaluated by assuming the
vessel as a rigid body and considering a constant displacement; the latter
hypothesis is entirely true as the case study is electrically powered. Therefore,
the weight does not vary during its operation. Hence, using the 11" Newton's
law is possible to evaluate the ship acceleration and, consequently, through the
integration of the velocity and displacement. The formulation used to evaluate
the ship velocity components is shown hereinafter:

M — XGT2 —uv) =X, + Xp stbd T Xp port T Xenv

M(i? + fo' + ur) = Yh + Yp stbd T Yp port + Yenv + th (22)
I, 7+ Mxg(v +71u) = Ny + Ny stba + Np port + Nenv + Npt



where: u, v,r are the ship's quasi-velocity components, in particular, surge,
sway, and yaw, concerning the ship's fixed frame (b4, by, b3) centred in Ly, /;
M is the total mass equal to the sum of both the ship's mass and added mass;
1,, is the ship's inertia along bs; x; is the longitudinal position of the centre of
gravity concerning Ly, /2; X,Y, N are the forces and moment concerning the
frame (b4, b,, b3) and the subscripts h, p, env, bt refer to the hull, propellers,
environmental disturbances and bow-thruster, respectively.

4.2 Dynamic Positioning and Change
Positioning systems

The proposed DP system consists of three main parts: the controller, the force
allocations logic (FAL) and the thrust allocation logic (TAL). In particular, for
this application, the same controller and TAL were used, and two different force
allocation logics (FAL) were developed. The controller structure is based on a
PID structure with anti-windup [171]. The FAL's input can switch between
open and closed loops in this application. In particular, forces and moment
requirements can be either the joystick or motion controller output fed with the
vessel model output, as sketched in Figure 19. The joystick outputs are forces
and moment independent of the position requirements. On the contrary, the
motion controller outputs are forces and moment necessary to counteract the
environmental disturbances, and they were assessed by means of the position
and speed errors. For the sake of compactness, quantities are presented in
matrix form. In particular, the array t; = [X;,Y;, N;] € R™ contains forces
components along by, b, and the moment around b, respectively. The
subscripts R and D refer to the requested and delivered quantities, respectively.
In the following, the forces, moment, and thrusts are referred to with superscript
*, which represents those quantities are divided by the maximum allowable
thrust of the azimuthal propeller (T,: mqx). The general structure the requested

forces and moment t, are defined hereinafter, the first set is referred to the
joystick mode, while the second one is related to the DP.
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*
X joystick

*

T}*e = Y}oystick or

*
Njoystick

(23)
Kp ex + Kp e; + K, [ ex — Ky, (Xg — Xp)d(
ty =< Kp ey + Kp 5 + Ky [ e5 — Kaw, (Vg — Y5)d{

Kp, ey + KDwe:L + Klwfe{j, — Kaw,,(Ng — Np)d¢

where:  Xjoysticko Yioystickr Nioystick  ar¢  the  non-dimensional  forces
corresponding to joystick lever positions, (Kp,, Kp,, Kp 1p],
[Kp,, KDy,KDw], (K1, K,y,K,w], and [KAWX,KAWy,KAww] are proportional,
derivative, integral, and anti-windup controller coefficients, respectively. An
anti-windup component is added to limit windup integral divergences to assess
the DP controller accurately [172]. In Figure 19, the schematic system's view
is reported. As previously illustrated, the joystick and DP controller output are
required forces and moment, necessary to follow a user-defined direction or
keep the required position. Then, a unique force allocation logic can accomplish
both requirements.
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Figure 19. Dynamic positioning system structure.



4.2.1 FAL — Optimised Thrust Allocation

This section reports the allocation logic implemented to assess dynamic
positioning capabilities. The logic is based on a constrained optimisation
problem that uses the Lagrange multiplier method to minimise an objective
function under certain constraints. The required thrust is optimised by changing
the azimuth position to compensate for the environmental disturbances. In
particular, The actuators can exert the required thrust according to the following
rules:

» The bow-thruster has the ability to push on both sides, which means
that the rotation of the azimuth thrusters can be both clockwise and
anti-clockwise;

» The two azimuth thrusters can only push in one direction. In order to
vary the thrust change direction, the angles of the azimuths have to be
changed. As a result, the azimuth thrusters are completely uncoupled
(different azimuth angles and thrusts).

The graphical representation is reported hereinafter in Figure 20:

A

by

Figure 20. Thrust optimized allocation

In particular, the domain of the function is
x = [Tyt Tops Toows Xpt: Yor, Xop» Yop | € R7 Where Typ = Xp:by + Yyebs is the
vector of portside thrust, T, = X;,b1 + Yo b, is the vector of starboard thrust
and Tj,., = Yyouwb2, IS the vector of the bow thruster thrust. The problem is
formulated as it follows:
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mxinf(g) with hi(g) =0 and g]-(g) >0 (24)

where f(x) is the objective function f(x): R" — R

2 . N2 T 2
sb bow

+ 25

flz)= (%) (%) <%> 9)

The constraints h;(x): R® — R™ are the following

hl(&) = Xp — Xpe — Xsp

h, (E) = YI; - Yz;t - s?) - Tgow

< h3(£) = Ng — Xpow leow — Xpt Yz;kt ++ Yyt X;t — Xsp Ysz + Vs X;b (26)
ha(x) = Ty —X*2 ~ Y

2

h5 (x ) st ;;)

where: [Xg, Yz, Ng] are the required forces and moment. In the closed-loop,
such components are the controller's output when the automatic motion control
is active. Alternatively, they can be the joystick output in the open loop when
the lever is active. In addition, the following constraints are added to guarantee
the relationship between the vector components and their modules:

91(x) =T;e  and g(x) =T (27)

4.2.2 FAL — Fixed angle allocation

This allocation was developed with the opposite concept of the previous one.
In this case, the goal was to minimise the azimuthal movements to reduce the
mechanism wear. The allocation layout is the following: one azimuth thruster
compensates the environmental disturbances along b, together with the bow-
thruster, while the second one counteracts the disturbances along b,. Both
azimuth thrusters work only with two available fixed directions, in particular
these positions: £90 and 0-180. The graphical visualisation of the allocation is
reported hereinafter in Figure 21.



Figure 21. Fixed angle allocation

This allocation was studied for experimental purposes; indeed, the lab testing
model is not able, as a full-scale system, to precisely respect the continuous
variable angle request, which is the output of the thrust optimised allocation.
In such a way, with the propeller fixed positions allocation, the thrusters
counteract external disturbances acting mainly on the propeller rotation speed
with a quasi-fixed position. This force allocation has the double advantage of
being more easily solved from a mathematical point of view and easily
implemented in a real PLC, as it can be described by a system of three linearly
independent equations and three unknowns as follows:

Yz + Tz;kt + Tpow =0 (28)
Ng + xptT;t + xbole;kow - ysts*b =0

4.2.3 TAL — Thrust Allocation Logic

The thrust allocation logic is needed to convert the actuators' thrust signals into
command signals for the actuators. Generally, in real applications, the signals
to be sent can be shaft revolutions or fuel mass flow. The TAL output is
represented by the electric motors' voltage in the testing-model case study. In
particular, the relationship to assess the voltage versus the DP system's thrust is
reported hereinafter. The relation between thrust and voltage was found by
means of a model-based approach by carrying out a simulation campaign in the
bollard pull condition.
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Figure 22. Dimensionless relation between thrust and voltage for the
azimuth thrusters.
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Figure 23. Dimensionless relation between thrust and voltage for the
bow thruster.

In Figure 22, the dimensionless relation between thrust and voltage for the
azimuth propellers is reported. The asymmetrical thrust behaviour of propellers
is experienced, i.e., with a positive voltage, which is more significant than that
obtained with a negative voltage. This aspect has also been validated via
experimental tests.



In Figure 23, the bow thruster behaviour is symmetrical due to its propulsive
layout (duo propeller).

4.3 Dynamic Positioning Capability Plot

DP system performances are usually assessed through the DP capability polar
plots (DPCPs), focusing on the reliability of environmental disturbances. This
section presents station-keeping results employing the static and dynamic
approach. The main idea is to compare DPCPs obtained by static approaches
and those obtained by dynamic simulations varying the allocation force and the
environmental disturbances, called to distinguish them from the other Time-
domain Dynamic Positioning Capability Plots (T-DPCPs). Briefly, before
introducing how the T-DPCP were created using the dynamic simulator, the
equilibrium condition for creating the static DPCP is reported in the following:

(X* Xwina + Xw + X¢

R
Tptmax
Yyina +Yw + Y
< YR — wzn; w c (29)
pt max
 _ Nwind + Nw + Nc
Np =

Tpt max

Through the force allocations previously shown, it is possible to evaluate the
dimensionless thrust (Ty., Tsp, Tpow) and consequently also the thrusts
(Tpe> Tsp, Thow)- These thrusts, calculated according to the environmental
disturbance acting on the hull, are compared with the maximum values that can
be exercised (Tpt < Tpt max st < st max’ Tbow < Tbow max)-

If the required thrust is lower than the maximum available, the environmental
condition analysed is considered satisfied; otherwise, not. Moreover, the
interaction with the disturbances and the vessel dynamics is neglected in the
static approach.

For such a reason, the developed simulation platform is used to obtain the
T-DPCPs by dynamic results. The input data have been defined:

» the disturbances’ main incoming directions starting from 0° to 180°
with a step of 10°;
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» the main wind speed with the range from 0.5 [kn] to 15 [kn] with a
step of 0.5 [kn];

» the current magnitude was considered independent from the Davenport
spectrum and was varied between 0 - 0.1 - 0.2 [m/s];

+ the wave disturbances are aligned with the wind, and the magnitude is
considered constant and equal to 0.1 m and 3.5 s for main wave height
and main wave period, respectively. The worst-case in terms of
disturbances acting on the hull is considered, with the direction of
disturbances aligned.

The same discretisation range regarding the environmental conditions was used
in the static approach for the evaluation of requested forces and moment (Xg,
Yz, Ng).

The vessel and the wind's actual encounter angle replaced the dynamic
analysis's absolute disturbance direction. Eventually, the controller structure
and its coefficients have been left unchanged to compare the differences
between the two force allocations fairly.

A set of more than 1700 simulations for each force allocation have been carried
out to obtain the T-DPCPs using the dynamic simulator. The simulation time
was set to 1800 s. The dynamic simulation has been validated by introducing
the maximum allowable offsets from the desired position according to
environmental disturbances. Such constraints were evaluated during the
simulation after the initial transient (600 s) was expired to allow the controller
to be initialised.

Hence, the dynamic simulation is valid when the maximum displacement from
the desired position is below 0.3 L4 and the bow angle error is below then +
5°. During the simulation, it is possible to continuously overcome the previous
bounds only for 30 s or exciding the constraints for a maximum of
90 s for all manoeuvre duration; otherwise, it is considered a failure. The latter
time constraint was imposed to avoid rapid transients of less than 30 s, which
are repeated continuously, causing a false valid manoeuvre. These could occur
due to the low boat inertia and the high response speed of the actuators, which
are characteristics of the tug testing model.



4.3.1 Optimised Thrust Allocation DPCPs

A comparison between static and dynamic approaches is shown in this section,
taking into account the optimised thrust allocation. In particular,

Figure 24 shows the capability plot obtained with a static approach, while
Figure 25 represents T-DPCP obtained by simulating several manoeuvres as a
function of changing magnitude and direction of environmental disturbances.
In order to highlight the differences between the two analyses, Figure 26
sketches the DP performances for the selected disturbance incoming directions.
The first bar (yellow) represents the results obtained through the static
approach, while the second (purple) belongs to the time-domain simulations.
Notably, as expected, the static approach always provides a better DP
performance prediction. The main difference regards results for the stern seas,
between 170°-180°. This particular behaviour is due to the real azimuth
propeller functionality. For such a reason, whenever the direction of the
disturbance corresponds to 180°, the controller cannot symmetrically handle
oscillation around that angle; because of the device limitations, when the
required azimuth overcomes 180°, the propeller has to turn in the opposite
direction to reach the desired angle and vice-versa, causing further instability.
The latter is the main reason that led the authors to develop a force allocation
logic based on fixed thrusters.

Figure 24. Static DPCP thrust optimised allocation.
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Figure 25. T-DPCP thrust optimised allocation.

Figure 26: Comparison thrust optimised allocation
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4.3.2 Fixed Angle Allocation DPCPs

As reported in the previous section, a comparison between the two different
approaches is reported for a fixed angle allocation. Figure 27 shows the DPCP
obtained with a static approach; instead, Figure 28 shows T-DPCP obtained by
several time-domain simulations. Both of them are referred to as the fixed
position propeller allocation. In such a case, it is immediately notable that the
area of the plot decreases with the time dynamic approach, and, concerning the
previous allocation, it is not experienced any particular behaviour at 180°. That
means that the allocation logic with a fixed azimuth angle gives a more stable
performance for all environmental directions. A quantitative analysis
concerning the differences between the two previous capability plots is shown
in Figure 29, where the first bar (blue) represents the results obtained through
the static approach, while the second (red) is through time-domain simulations.
The static approach results are always more promising for all directions and
current speed.

Figure 27. Static DPCP fixed angle allocation.
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4.3.3 Time-domain DP Manouvre Comparison

In order to emphasise the additional information obtained by using a
simulation-based design approach, the time history results obtained during a
simulation near a limit condition for both allocations are shown. Therefore, the
manoeuvre has been considered valid for both allocations and has been carried
out with the following environmental characteristics. The wind mean speed of
9 kn, the main wave height of 0.1 m, the main wave period of 3.5 s, the current
speed of 0.2 m/s and the incoming direction of 150°. In addition, all the time-
domain results have been shown without the initial transient equal to 600 s.

In Figure 30 and Figure 31, the dimensionless vessel path for thrust optimised
and fixed angles, respectively, is reported with a cyan line. The black dashed
circle line represents the maximum allowable position error. The setpoint
position is represented with a green dashed hull waterline, while the position at
the end of the simulation is shown in red. The blue waterline represents the
position every 50 s. The manoeuvre is considered valid for both allocations,
indeed; the constraints are respected.

Figure 32 and Figure 33 show dimensionless displacements for x and y-axes
(over Ly,) and rotation along z-axis in three different subplots for thrust
optimised and fixed angles, respectively. The centre of the body-fixed frame's
current position is shown with a dashed red line, while the setpoint is
represented with a blue line. Moreover, the maximum allowable error is
reported with a black line. The mean heading error for both allocations is equal
to 1°, showing the proper design of the controller. A difference between
allocations is that for the x-direction, the displacement of fixed angle
allocations is deeply oscillatory, more than the other allocations, around the
setpoint position.

Figure 34 and Figure 35 show three subplots regarding the exercised thrust for
thrust optimised and fixed angles, respectively. In particular, the figures report,
from top to bottom, the dimensionless thrust of port side azimuth, starboard
side azimuth and bow thruster, respectively. The required thrust is reported in
blue and actuated with a red dashed line. For both allocations, the time histories
of azimuth propeller thrusts are about 0.1; for the thrust optimised allocation,
the mean required thrust value is lower than 0.1. It means that the required
azimuth thrust is below 10% of the maximum available. Instead, the time
history of the required thrust of the bow thruster presents several spikes greater
than 1, which means that the controller asks for something not available and
works in saturation. This aspect is a well-known issue; indeed, the bow thruster
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is the bottleneck in terms of available thrust in a real system. This is a critical
aspect; indeed, the mean thrust value required for bow-thruster is very close to
1; with a static approach, exceeding the value of 1 means that the system cannot
maintain the set position. On the other hand, the dynamics approach could
maintain the ship within the allowable positional limits working in thrust
saturation for a brief time. Generally, the bow thruster working point is the
bottleneck of force allocation because the bow thruster's maximum thrust is
much lower than the azimuth one, so it has to work near its maximum thrust.
Moreover, the difference in requested thrust is clearly distinguishable for the
starboard thruster. Indeed, in the optimised thrust allocation, the requested
thrust is less oscillatory with a smaller magnitude than fixed angle allocation,
where the required thrust is not optimised.

In Figure 36 and Figure 37, the time histories of the azimuth angle are reported.
Also, in this case, the difference between the allocations is clearly
distinguishable. Indeed, the azimuth angle value for the thrust allocation, for
both portside and starboard side, continuously oscillates within a maximum
range of 30°. Such oscillations in a real scenario could cause the azimuth
moving mechanisms to malfunction and wear. On the other hand, the angles do
not change during the manoeuvre for the fixed angle allocation.

Figure 38 and Figure 39 are composed of three subplots in which the required
(blue line) and actuated (red dashed line) forces and moment are reported.
Within the same figure, also reported the environmental forces and moment
(black dashed line). X, Y and N converge to the environmental disturbances;
this means that the actuators succeed in counteracting environmental
disturbances and maintaining the desired position. All these forces and moment
are evaluated along by, by, bs. The saturation effect comes out, particularly in
the moment time history. Indeed, the number of requested moment spikes is
due to the bow thruster's behaviour, described in Figure 34. Moreover, the
number of bow thruster spikes is greater than the fixed angle allocation for the
optimised thrust allocation. Indeed, it is possible to notice three not fulfilled
spikes for the requested moment in 300, 550, and 1100 s corresponding in
Figure 35 to the requested bow thruster thrust greater than 1.
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Figure 31. Dimensionless path — fixed angle allocation
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4.3.4 Overall DPCPs Results Analysis

A comparison between the static and dynamic approach as well as for the two
allocations designed is shown in Figure 40 to appreciate the variations in
performances. The results shown are reported by employing a bar graph as a
function of the main direction of the disturbance. In particular, the first bar
(blue) represents the performance regarding the static, fixed angle position
allocation, the second (red) shows the same allocation evaluated with the
dynamic approach, the third (yellow) concerns the static thrust optimised
allocation and finally, the fourth (purple) shows the same allocation evaluated
with the dynamic approach. Moreover, they are reported in a dimensionless
form by using the value relating to the static, fixed position allocation; for such
a reason, the first bar will always be equal to 100%.
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Figure 40 DPCP different approaches comparison

It can be observed that when the disturbances act in the bow quarter, the thruster
optimisation allocation has a better performance behaviour of about 20%. On
the other hand, the situation is the opposite in the aft quarter, and the margin is



less evident. In any case, as could be expected, the performances obtained
through a dynamic approach are always lower than the corresponding statically
assessed allocation. Furthermore, it is important to underline the difference in
expected performance between the static and dynamic approaches. Indeed, the
DP operators can overestimate the system capability with potential hazards for
life, goods and system at sea.

Moreover, the importance to conduct a DP dynamic analysis is highlighted
whenever the system performance in a realistic environment needs to be
evaluated. The differences between static and dynamic approaches concern four
main aspects: (i) environmental disturbance oscillations in both magnitude and
directions; (ii) the influence of transients, in particular the controller behaviour,
which is not considered in the assessment of the DP system capability, but
affects performance during changes in environmental conditions during
operations, (iii) the propulsion actuation delays, since, all the propulsion plant
machinery have their response time; (iv) the limits and constraints of both
machinery and DP system allowable errors.
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Chapter 5

5.1 Sensor-based Collision Detection

As previously mentioned, the CA system is an essential element in developing
a completely autonomous decision-making infrastructure and for achieving a
decision support system. As shown in

Figure 1 and Figure 2, the CA system can be divided into three essential parts:
obstacle detection, collision detection and re-planning route.

In a real scenario, the commonly used sensors involved in collision detection
for long distances are RADAR and AlS, but as described in the Collision
Detection and Avoidance paragraph, both represent limits of applicability.
Therefore, the proposed research focused on developing an obstacle detection
and subsequent obstacle tracking system workflow based on experimental data
gathered by a LiDAR sensor. Indeed, the choice of this sensor was made with
a double motivation.

Firstly, since the case study is a testing model of about 1m in length and the
sensor's operating range is around 100 meters, the situational awareness domain
around the boat is 50 ship lengths of radius, which is considered an acceptable
distance to perform evasive manoeuvres.

The second reason is that the data processing process can also be used on real
boats, of small dimensions, with the same purpose or be used by ships over 100
meters in length for port manoeuvres or to detect and trace the quay accurately
in order to develop an autonomous mooring algorithm.

In general, the research work regarding this topic aims to develop a decision
support system in the maritime sector and contribute to the unmanned surface
vehicle research field to avoid and prevent collisions, mitigate economic effects
for environmental safeguarding, and increase safety during the port navigation
and the mooring operation. In order to meet situational awareness, it is
necessary to have precise virtualization of the surrounding environment; the
environment must be acquired by means of a sensors system that returns a
virtualized model of the surrounding objects.

Obtaining a virtualized model of the environment means having the ability to
recreate a real-time copy of the surrounding environment that can be analysed



through mathematical procedures. In recent times, LIiDAR devices have been
increasingly used to achieve this purpose; in such a case, the virtualized
environment coincides with a sensor's point cloud.

Detecting an object within the point cloud means grouping the points that are
part of it and separating them from the other points; this can be achieved in
many ways by adopting different models and techniques. The choice of method
will be further explained in the following sections.

Regardless of the selected method, this procedure can occur in two main
scenarios, static and dynamic. In a static scenario, such as a boat about to moor
surrounded by stationary objects, it is sufficient to take advantage of the
virtualization of the environment to recognize the surrounding obstacles and
develop a path that ensures the mission without collisions.

Instead, a dynamic scenario is more complicated; the same boat that is
preparing to moor is now surrounded by moving objects. It will no longer be
enough to recognize the obstacles. It will also be necessary to track them over
time in order to update the path chosen in real-time, basing the activity on the
position, direction and speed. If the scenario is dynamic, the use of a tracking
strategy provides the ability to obtain a time history of the position occupied by
the objects, updated in real-time, and to keep the memory of other variables of
interest.

5.1.1 Proposed Obstacle Detection Workflow

Recently, research on collision avoidance detection in the maritime sector has
begun to be investigated and studied in detail, mainly with deterministic
geometric approaches. Contrarily, in the automotive field, the developments
concerning detection are much broader and are widely based on machine
learning [173]. Indeed, sizeable datasets to train the learning algorithms are
available in open access; KITTI and ApolloScape are mainly used [174, 175].
These datasets contain the LiDAR point clouds, images, and positions data.
These types of data are used in the deep learning approach [176, 177]. In
particular, Convolutional Neural Networks (CNNSs) are trained through the
LiDAR point clouds to detect obstacles like pedestrians, cars, and trucks [178,
179]; clearly, this could not be used to recognise ships, buoys, yachts, and other
floating objects.
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The available marine dataset is not as widespread as the automotive ones;
specifically, only one open-access dataset is available for the marine sector
obtained by motorboats equipped with LiDAR, RADAR, infrared camera, and
RGB camera sensors [180]. Moreover, no marine trained network is available
for testing. Hence, nowadays, in the marine sector, the only way to use a
machine learning approach based on a LiDAR point cloud neural network is to
train a new one. The side effect is that training a neural network is a profoundly
time-consuming activity, and a specific experimental campaign to collect data
is needed. This critical aspect is widely felt; indeed, several studies regarding
the maritime sector that show different approaches can be found [181, 182,
183]. For such reason, an alternative approach based on only LiDAR point
clouds data has been developed. The proposed workflow is shown in Figure 41.

LiDAR Point Cloud Clustering Bounding Box Object Tracking
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Figure 41. Unsupervised learning approach

5.2 LIDAR Sensor and Point Cloud

In general, the LiDAR sensor, previously described, lets to know the
surrounding environment by means of infrared laser beams. In detail, the
positions and shapes of surrounding objects are described by points located at
the contact points between the laser beams and the environment surface. The
data are contained in a point cloud structure in which spatial coordinates (x, v,
z sensor reference) and intensity (as a function of colour, shape, and laser
encounter angle) are available for each point acquired. Generally, the output
includes both the position expressed in spherical and cartesian coordinates,
where the origin represents the position occupied by the LiDAR and axis or
angles are defined depending on the device.

The numerical array is produced for every scan. Each acquisition corresponds
to a complete revolution of the rotor. As a result, the points of the same scan
relative to different azimuth angles are not acquired simultaneously. In



particular, a quantifiable delay based on the frequency is present and assumes
maximum values between the points acquired at azimuth angles equal to 359 °
and 0 °. Such an issue could imply evaluation errors in dynamic scenarios;
fortunately, the relationship between the speeds involved and the acquisition
frequency allows this phenomenon to be negligible in the marine field.

The LiDAR output can be typically organized in two distinct forms to assess
obstacle detection tasks, organized or non-organized. A non-organized output
is the raw standard LiDAR output. Each characteristic, e.g. X, y, z, distance and
intensity, is collected in a column. Indeed, a complete scansion is represented
as a 2D matrix Aij where each data of the i-th point is reported in the specific
column j. The representation is the following in Figure 42.

X Y Z intensity elevation distance

i index - points

j index - variable >

Figure 42. Raw LiDAR output

Instead, an organized LiDAR output associates a matrix to each characteristic,
where values are rearranged by pitch and yaw angles using the spherical
coordinate frame. As a result, a complete rotation output is represented by 3D
tensor Tijk, Figure 43, where each layer k represents a characteristic and the
matrix ij, is filled with the value of k-th characteristics as a function of i value
of pitch and j value of yaw angles. The organization of the variables in matrixes
and the output obtained is strictly related to the device's characteristics.
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Figure 43. Spherical LiDAR output rearranged

To conclude the discussion, the same scenario, a harbour data collection, is
reported by means of the two different approaches. In the first case, the
unorganized point cloud is displayed using Cartesian coordinates by changing
the colour of the points as the detected intensity varies.
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Figure 44. Unorganized LiDAR point cloud



In the visualization of the organized data, the single matrices are plotted as
images, one for every characteristic. In fact, this method is used for fed CNNs
since the point cloud rearranged in this way is a low-resolution image.

e

Figure 45. Organized LiDAR point cloud

5.2.1 Synthetic Scenario

The lack of a large available dataset in the marine environment forces the
acquisition of multiple point clouds and relative images to develop and test the
algorithms and tools necessary to carry out the activity. The possibility of
having a tailored dataset of fast construction was one of the main objectives. In
particular, this allows users to obtain a wide variety of datasets reducing the
efforts significantly. Moreover, LIDAR data can be created indoors without
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misspend, economic and time resources. In addition, LiDAR equipment is not
necessary. For these reasons, a procedure designed to extract point clouds
compatible with LiDAR technology from a virtual environment has been
developed. The desired scenario has been built by means of three-dimensional
modelling software. First, the LIDAR acquisition system is virtualized by
drawing straight lines from the chosen observation point to mimic the laser
beams. Eventually, the points are placed in the intersections between beams and
objects.

The position of points is exported as a point cloud, and it represents a single
LiDAR acquisition frame. In such a case, the point cloud is composed only of
surrounding environment positions; the intensity is fixed to a constant value for
all objects. This approach allows users to emulate several LiDARs and the
different sensor settings, for instance, the rotor speed and the number of laser
beams.

Moreover, this approach makes it possible to create a rendered image related to
the acquired scenario. The desired materials and backgrounds are assigned, and
the image is rendered. The possibility of customizing the product is wide. By
acting on the parameters available in the rendering environments, it is possible
to virtualize any image acquisition tool by imposing its technical specifications.

The extreme usefulness of this method lies in the possibility of total
customization of the scenario; for example, it is possible to build a series of
acquisitions in which one or more boats move by simulating path, manoeuvre
or speed tailored to a specific required activity. Therefore, the proposed
procedure results are an image-point cloud pair obtained relatively quickly.

Eventually, it is possible to reproduce any scenario acquired with any
instrument for which the technical specifications are available. Despite
countless advantages, the results produced by a virtual approach do not consider
the information related to the real use of LiDAR in a hostile environment such
as the marine one. Several expected results, such as water reflections and data
loss, cannot be simulated sufficiently accurately due to the nature of these
events.

Furthermore, it is not possible to directly impose the reflectivity of the laser
beam inside the point cloud structure since the intensity is not a geometric
parameter. However, it can be included in the point cloud structure with a post-
processing activity. Nevertheless, it is challenging to accurately emulate the
intensity acquired by a LiDAR in a real environment. Eventually, if the
intensity must necessarily be used, the proposed approach presents some limits.



Figure 46. Synthetic scenario

5.2.2 Experimental Campaign

Several collections of LiDAR point clouds were carried out in the marine
environment in order to obtain a real dataset, including real scenario noise. The
main interest concerns obtaining a real dataset of lidar point clouds coupled
with RGB images in order not to create an own dataset to be used in future
developments to train a neural network fed with LiDAR data points and images,
similar to the automotive sector.

An RGB camera (Nikon D7200) and LiDAR support has been created and
printed by a 3D printer, Figure 51. In such a way, it is possible to know a priori
the exact distance between the camera and the LiDAR. This information is
crucial for the calibration procedure in data-fusion activity.

The data were acquired under different conditions within the Gulf of La Spezia.
The main ones are:

1. static LiDAR position on the quay, acquiring static boats.

2. moving LiDAR position onboard of a motorboat, acquiring static boats.

3. static LIiDAR position on the quay, acquiring fixed obstacles and
navigating boats.
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Figure 47. Data collection spots in the Gulf of La Spezia

In addition, a further experimental campaign was carried out during sea trials
carried out on the Teseo | motor ship for research purposes at the Tringali
shipyard near Augusta. The project involved remote control of the ship and
tested an autonomous track-keeping system. The test was supervised in case of
navigation system failure. A bridge operator aboard the motor ship could take
control of engines and rudders.

During the aforementioned, the University of Genova recorded the surrounding
environment described by a cloud of points and the GPS track with relative
speed and ship rotation using a LiDAR device and inertial platform,
respectively.

The LiDAR point cloud and the GPS track are reported in Figure 49 and Figure
50. In order to collect this data, mounting support containing both LiDAR and
IMU was designed and printed using a 3D printer. This holder was carefully
mounted on the ship that would allow for data recording, as shown in Figure 48

The undersigned wishes to thank SEASTEMA S.p.A (Fincantieri NexTech).
for providing the possibility to participate in the sea trials. Furthermore, many
thanks also to all Cantieri Tringali Srl staff for the help received during the
sensor installation phase and for hospitality.



Figure 48. LiDAR and IMU mounting platform setup

Figure 49. LiDAR point cloud - ship and tug

The LiDAR point cloud describes a 100-meter chemical tanker and a tugboat
alongside its left side. At the bottom right, blue points representing the wake of
Theseus | are present, the discussion on the noise acquired by the LiDAR has
been carried out in the following paragraphs. The LiDAR was positioned in
such a way that the Theseus | was not acquired
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Figure 50. GPS track

Regarding the data collection campaign carried out in the Gulf of La Spezia,
the first acquisition activity was the data collection of static objects with a static
lidar spot in chronological order. As discussed in the following chapters, this
has been useful to test and choose clustering algorithms. Subsequently, in order
to investigate scan behaviour data gathering for a moving spot, the LiDAR was
mounted on a small motorboat. The point clouds were acquired by sailing
between boats quay moored. The acquisition of such a dataset will be helpful
in future developments, including a possible Inertial Measurement Unit (IMU)
to evaluate ship movements, as carried out during the Augusta sea trials, in
order to adapt the acquired point cloud in a dynamic scenario. Eventually, a
dataset of boats in motion acquired from a fixed location was carried out. The
latter was the most relevant acquisition campaign because it allowed obtaining
a dynamic dataset suitable to test the multi obstacle tracking algorithm on a real
scenario with real environmental noise.



Figure 51. Camera and LiDAR experimental setup

The scanning frequency of the LIiDAR was set to 5 Hz, guaranteeing a
horizontal resolution of 0.09 °. The considered FOV is 360°. The camera was
mounted to point in the -Y direction (for LIDAR axes).

Three coupled LiDAR-camera outputs are shown hereinafter; The RGB images
are shown in Figure 52 (a), while the corresponding point clouds are shown in
Figure 52 (b) by using cartesian representation, considering a 2D visualization,
and coloured as a function of the intensity value. For the sake of clarity, the
point clouds were reported in two dimensions, the XY plane, squeezing the z
dimension. The experimental acquired scene was exploited to develop, test, and
validate the tracking algorithm, as detailed in the following sections.
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Figure 52. RGB images and LiDAR point clouds coupled

A sudden change in shape can be noticed by analysing the point cloud
describing the black motor-yacht due to the boat's position. In the first scan,
mainly the left side is acquired, while the further the boat moves away, the
fewer points acquired in the bow area, and the transom begins to be acquired.

During the on-field acquisition campaign, several phenomena were noticed.
The first and probably the most relevant information found was the
impossibility of acquiring seawater. This allows for a much cleaner scan than a
similar one performed in an urban environment; in the marine scenario, the
point clouds that describe the acquired objects are well-separated thanks to the
empty spaces determined by the presence of the sea.
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Figure 53. Urban environment Figure 54. Marine environment

Figure 53 and Figure 54 show the LiDAR point cloud represented in 2D in an
urban and marine environment. It is possible to notice how boats are well
separated to respect cars and how the point cloud that describes the marine
environment acquired is globally less populated. This characteristic means a
lower computational effort due to the non-need for post-processing activities to
eliminate the street plane, as happens for the ground in urban scans. Moreover,
amarine scenario during navigation in open water has a lower number of points.
Despite this great advantage, acquisition in the marine environment also
presents drawbacks. While it is true that seawater is not acquired, this only
occurs in calm sea conditions. The wake produced by boat motion and the
breaking waves generates noisy points. The noisy points due to the wake that
do not belong to the boat are acquired in the sea immediately abaft the vessel,
distorting the point cloud that describes the object in both position and
dimension. This issue is notable in the point cloud projected in 2D in Figure 56.
For the sake of clarity, the relative image RGB has been shown; in Figure 55.
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Another negative aspect linked to the marine environment is the reflection of
points below the boats belonging to the sea. The characteristic of noisy points
due to reflection is very low intensity. Moreover, several moored boats were
acquired together with points mirrored below the sea surface. A schematic
representation of the reflection phenomenon is shown in Figure 57, while an
acquisition that presents this problem is shown in Figure 58.
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Figure 57. Representation of the Figure 58. boats characterized by underwater
reflection phenomenon reflection.

The last problem detected is not attributable to the presence of the sea but to
the data acquisition method itself. Remembering that the intensity of the signal
received by the instrument is linked to the object's reflectance, it is inevitable
that objects of different colours are characterized by different intensity values



of the acquired points. This aspect is emphasized in the presence of black
objects; in particular, a black object is characterized by a higher number of lost
points and an intensity value on average much lower than objects of other
colours.

Fig. 66 shows the reference RGB image and the point cloud that describes a
white motor-yacht (top) and a black one (bottom). It can be noticed how the
point cloud poorly describes the black motor-yacht; in particular, the lower
black painted hull is completely not acquired. The only part quite well-acquired
is the white superstructure. Moreover, even for the white yacht, the black glass
components are not well acquired or are characterized by a lower intensity
value.
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Figure 59. LiDAR point cloud intensity comparison

This problem needs special attention. Each sensor has pros and drawbacks.
Indeed, it is characterized by peculiarities that also determine its weak points.
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A data-fusion activity with other sensors, for instance, RGB and IR cameras,
would solve the deficiencies of a single sensor. The acquisition of such a large
dataset in terms of point clouds and RGB images is a starting point for potential
future activities to solve the lack of marine datasets.

5.3 LIDAR Point Cloud Data Processing

The LiDAR point cloud must be analysed to individuate objects and obstacles
that populate the acquired environment. Object Detection is a common task
discussed in Data Science (DS), specifically within Machine Learning (ML).
There are two main approaches within the ML to achieve object detection:
supervised learning and unsupervised learning. The supervised learning
identifies an under-guidance ML method that uses a trained model able to
recognise information patterns within a dataset. A priori knowledge has to be
used as input; the model relies on a priori labelled training data from which the
algorithm “learns” how to make accurate predictions. After the training period,
the algorithm is ready to forecast on an unlabelled dataset. Supervision means
that during the training of the model, the set of samples (or datasets) and the
desired output signals are already known because they were previously
labelled; in other words, a large dataset of input and output must be available a
priori. Supervised learning methods are identified in Regression methods and
Classification-Localization. In  particular, Classification-Localization
algorithms are used to locate and predict the label or the class of the desired
target (or more than one) in a dataset; the most used algorithms, which are
becoming increasingly popular in this period, are Artificial Neural Networks.

Unsupervised learning identifies techniques capable of observing the data
structure and extrapolating meaningful information without requiring a training
activity on known input-output pairs. The algorithms, therefore, find patterns
in the dataset without requiring any guidance. The main techniques used are
Clustering and Data Dimensionality Reduction. There is a considerable variety
of Clustering algorithms oriented to different fields of analysis. Indeed,
Clustering analysis allows the creation of groups of points based on their
similarity, usually geometrical. Dimensionality Reduction is a learning
technique used when the number of features (or dimensions) in a given dataset
is too high. It reduces the number of data inputs to a manageable size preserving
data integrity. Finding a new reference frame for a dataset with a lower number
of features is a task achieved by a Dimensionality Reduction technique.



5.3.1 Clustering Activity

The clustering activity represents a task achieved by various algorithms that
differ significantly in the manner of cluster construction. It is used for multiple
purposes with various types of data. In the case study, the LiDAR point clouds
as been used as input for several cluster methods. In particular, the point clouds
have been analysed through different cluster patterns. The cluster activity
consists of group points belonging to the same objects, separating them from
other groups and the background. The points belonging to the same cluster
share a similarity that could be geometrical or another aspect. In the proposed
activity, the clustering algorithms are used to identify, among the detected
points, those that belong to a single object and separate them from other points
that define different objects.

The automotive sector's clustering methods based on LiDAR point clouds are
widely documented. Contrarily, the clustering activity regarding the marine
scenario is poorly studied. Moreover, the analysis of the acquisitions in the
marine environment shows some differences concerning the urban scenario that
must be carefully considered. For instance, the calm sea is not acquired by the
LiDAR. This characteristic behaviour implies that no background activity has
to be removed, as happens in the automotive sector. Avoiding the removal of
background activity improves the computational time and accuracy in
distinguishing floating objects.

On the other hand, several points that do not correspond to real objects are
acquired; this happens in water reflections, breaking waves or waves generated
usually from high speeds boats. Such an issue can be solved by using noise
filters explicitly built for this purpose. Furthermore, in order to decrease the
computational time of clustering activities, the point cloud is projected on the
x-y plane. Such simplification has been done because it is reasonable, and no
information is lost. Indeed, two different objects are very rarely one over the
other during navigation. However, a deck landing or navigation under a bridge
scenario could be studied by imposing a filter along z axes to consider a
potential obstacle and perform the clustering activity in 2D or consider a 3D
dataset as input clustering to obtain the point groups. Several clustering
methods have been used to analyse the LiDAR point cloud dataset. In
particular, DBSCAN [184], K-means [185], and Euclidean.

In detail, DBSCAN is a clustering algorithm based on the concept of density-
reachability. It requires two input threshold values, a distance &, representing
the radius length and a minimum number of points belonging within the radius.
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The algorithm presents a refined conception of noise and a very effective cluster
definition. However, it has several disadvantages in the case study. Since the
algorithm is based on observations density, it lacks when the density is not
constant as the LiDAR point cloud. Indeed, the rotating multi-beam LiDAR has
laser channels that diverge with the distance, so the point cloud has a variable
density.

Moreover, when the density of data changes as a distance function, the density
threshold imposed as an input parameter cannot be optimized for the whole
distance range. In addition, the data are less dense in areas further away from
the observation point because many laser channels have already encountered
an object at shorter distances. In order to overcome a dataset with a variable
density, the DBSCAN original version has been modified to take into account
a density-variable dataset. Different solutions are present in the literature [186,
187].

Even if it were possible to overcome the issue of density variation, the main
problem regarding the DBSCAN clustering remains the high computational
time, making the algorithm unsuitable for real-time application. The
computational time depends on the scene complexity. For instance, in a port
scenario, where there is crowding of potentially dangerous objects, a rapid
computational time is required to detect obstacles avoiding the collision. For
such a reason, the DBSCAN clustering method currently is not suitable for
applications that must run near real-time.

K-means is a partitional clustering algorithm that subdivides the data into k
cluster groups. A centroid or midpoint identifies each cluster, adopting a
minimizing within-cluster variances logic. The algorithm converges when the
assignment no longer changes. The K-means algorithm is very discussed in the
literature, and many variants exist. Unfortunately, the number of clusters k is
an a priori imposition data, so a substantial limitation of the algorithm is present
when the k-number is not available.

The case study is a LIDAR acquired port scenario, and the number of clusters
is an unknown a priori data; indeed, it is a desirable result to obtain from the
clustering analysis. Therefore, using an algorithm thus conceived does not
represent a good choice for the required task.

Starting from the knowledge of the DBSCAN and K-means clustering pros and
drawbacks, another approach is possible by combining them to overcome their
drawbacks and perform the clustering activity. Indeed, LiDAR point clouds
represent large datasets and clustering them by using the DBSCAN method
implies a long computational time. On the other hand, K-means is not the



optimal choice when clusters, k-number, are not available a priori. Therefore, a
technique much discussed in the literature is to perform a down-sampling
operation on the dataset using the K-means algorithm and then analyse the
output with the DBSCAN method.

The original point cloud is substituted by a new point cloud composed of k
points. A group of points is substituted by its mean, which is considered the
point that represents that cluster. DBSCAN analysis is performed on the
representative point cloud instead of the original one. In this way, the number
k of clusters to impose in the K-means algorithm is not the final number of the
group but an intermediate step to decrease the number of observations to be
analysed with DBSCAN.

DBSCAN benefits from down-sampling, decreasing the computational time,
while the problem of knowing a priori the number of final clusters is no more
present for the K-means method.

The clusters number k to impose is an arbitrary value and identifies the level of
down-sampling, an approximation of the scenario. Unfortunately, if the number
of groups imposed in the K-means method is high, the simplified dataset will
be very similar to the original one comporting a computational cost negligible
during the DBSCAN analysis.

To decrease the computational time, the number of k clusters imposed must be
small, and also DBSCAN benefits by reducing the observations to analyse; but
this implies a very rough description of the scenario, leading to significant
information losses. On the other side, to preserve an adequate description of the
data cloud, the reduction of the observations must be limited. The whole
operation is a compromise between time reduction benefits and information
losses.

Contextualizing this aspect in the LiDAR-detection task-oriented to the
collision avoidance in the marine environment, a detailed description of the
scenario is required. The admissible loss of information must necessarily be
limited. Errors in estimating size and position or the loss of an entire object can
have severe consequences.

Eventually, the need to limit the subsampling of the data means time benefits
are practically negligible, making the analysis time-cost comparable to the time
required by the only DBSCAN on the original point cloud.

The last method analysed is the Euclidean distance clustering. The Euclidean
approach is a sort of simplification of DBSCAN. It is based on the simple
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Euclidean distance for the definition of the groups, segmenting within the same
group the points at a reciprocal distance less than or equal to the threshold
distance imposed. However, such a simple algorithm gives less accurate results
and does not have a specific noise cluster. Moreover, it is subject to group
propagation phenomena through bridging objects. The term bridging object
refers to a series of acquired points connecting two clusters and determining
their union into a single cluster.

However, it is affected in a non-incisive way by the variation in the density of
points if the threshold distance value is carefully chosen, or in any case, it is
less affected by the problem than the DBSCAN. The significant advantage of
the Euclidean method is that, thanks to its simplicity, it has extremely low
computational time. Furthermore, the algorithm can easily implement a
conception of noise by imposing a minimum and a maximum number of points
for acceptable clusters.

Although it is not a definition as sophisticated as DBSCAN, it works accurately
in the scenarios under consideration. Indeed, problems related to propagation
phenomena due to bridging objects are surely present in the marine
environment, but only in harbours, where boats are not moving and are
connected by ropes and fenders. In such a scenario, it is acceptable to obtain
sub-segmentations with clusters that include many boats moored and stationary
since the interest is related to the obstacle entity as if it were an extension of the
quay. Indeed, when a boat starts moving, it separates from the group, its
distance increases, the sea that LIDAR does not acquire isolates the points of
the moving object, and it is immediately recognized as a separate cluster.

For the sake of completeness, the clustering activities by means of the
experimental and synthetic LIDAR datasets have been conducted. Although,
for the sake of compactness, the real scenario affected by environmental noise
results have been reported and discussed.



5.3.1.1 Clustering results

The results of the different clustering algorithm methods based on LiDAR point
clouds relatively a real harbour scenario is reported hereinafter. Figure 60
shows the 3D scenario, while Figure 61 reports the same scenario in 2D
projection.

It can be easily noticed that the density of the observations decreases with the
distance. Moreover, the shadow cones of the objects hit by the LiDAR channel
are notable. This aspect gets better in the 2D projection, Figure 61. Since the
points over a certain distance do not represent objects precisely enough, the
scenario is cut at a reasonable distance of 50 m before the clustering analysis.
The original dataset size is composed of 120000 points, in particular, 40000
points for three coordinates each. The dimension reduction due to the 2D
projection let to process 80000 points. Eventually, after the region of interest
cuts, the total number of points is 30000.

Figure 60. 3D representation of the real scenario.
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Figure 61. 2D projection of the real scenario.

Figure 62 reports the result of the DBSCAN analysis on the raw acquisition.
Values used for the analysis are ten as the minimum point density and 1 m for
the radius. The different clusters have been represented with different colours.
Notably, the results are usable to perform the tracking activity. Using a standard
office laptop, the computational time for such a scenario is about 15s.

Figure 63 shows the result of the DBSCAN analysis performed on the
intermediate-step result of the K-means algorithm. The number of cluster k
imposed in the down-sampling operation is 3000 in order to reduce the number
of points by an order in magnitude. Input parameters for DBSCAN are the same
as discussed before. However, the result is not as accurate as the one produced
by DBSCAN or the Euclidean distance approach.

Figure 64 reports the result of the clustering analysis on the real acquisition of
the algorithm based on Euclidean distance. The threshold distance value used
is 1m and the minimum number of points to group them in a cluster is 20. Some
boat moored is under-segmented due to the presence of bridging objects like



ropes and fenders and the nearness. The clustering results are comparable to the
DBSCAN method, but in this case, the computational time is 1s.

50

* .

30

20
y

101

’ "»h ‘,. '

Y [m]

230 F o 4 E
: .
a0l ° - /‘ N
S . VI ... N N N/
50 40 -30 20 10 0 10 20 30 40 50
X [m]

Figure 62. DBSCAN analysis on the real scenario.
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Figure 63. DBSCAN clustering analysis on real scenario down-sampled using K-means.
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Figure 64. Euclidean distance clustering analysis on the real scenario.

Eventually, the presented results with different clustering methods are
compared and discussed, focusing on accuracy and computational time. The
clustering methods were conducted using a standard Laptop®.

Figure 65 represents the time needed by the algorithms to perform the clustering
analysis. The time is normalized on the computational cost of the Euclidean
distance-based algorithm since it turns out to be the fastest in all conditions. It
can be noticed that the time cost of the DBSCAN analysis performed on the
down-sampled scenario is comparable to the one needed by the DBSCAN
analysis directly on the original scenario. The results obtained show how the
Euclidean distance-based algorithm guarantees a computational time lower
more than an order of magnitude compared to the other; such runtime difference
is mainly due to the simplicity of the algorithm, which adopts only one
parameter (distance) contrary to the two parameters used by DBSCAN (radius
and point density).

Furthermore, a higher computational cost of the synthetic scenario with respect
to the real one can be noticed. Such a particular result is attributable to the
presence of the quay, which is acquired through a high number of points; the

L CPU Intel Core i7-4510U 1.8 GHz, Graphics Nvidia GeForce GT 840M 4GB, 16GB
RAM DDR3



greater number of points to be processed causes therefore an increase in the
runtime despite the simpler scenario.

Figure 66 shows the number of clusters detected by the algorithms. The
horizontal lines represent the likely number of groups that the algorithm should
have produced. No distinct differences are present, even if it must be pointed
out that the number of clusters is not itself a relevant parameter to identify the
quality of the clustering activity since it strongly depends on the choice of input
parameters of the chosen clustering method. It can be deducted that both
algorithms show the same tendencies to over-segmentation in a marine
scenario, such as those proposed. In particular, when the targets are at a great
distance and are consequently poorly described, the algorithms are unable to
form a single group, while for close targets connected by bridging objects,
algorithms fail to perform the adequate separation.

In terms of accuracy, the DBSCAN and Euclidean methods produce
comparable results, while the DBSCAN analysis based on the scenario down-
sampled by the K-means method remains at an accuracy lower level. However,
with the same accuracy, the choice of the chosen algorithm is Euclidean due to
the lower computational cost.
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Figure 65. Normalized time-cost of clustering analysis for algorithms presented.
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Figure 66. The number of clusters detected by algorithms.

5.3.1.2 Euclidean noise filter

In order to improve the Euclidean clustering accuracy performances, a filter
concerning the marine scenario was added to the clustering method by pre-
processing the dataset. Indeed, LiDAR acquisitions in the marine environment
are characterized by anomalous reflection phenomena from the water. Indeed,
despite the fact that the water is not acquired, the moored boats often present a
noisy reflection that generates the acquisition of non-existent shadow points.
Sometimes noisy points are located on the free surface of the sea, other times
even under a sea surface. A similar phenomenon occurs during the acquisition
of moving boat wakes or in the presence of breaking waves.

In a 2D projection, noisy points acquired due to reflection on water could
increase the density of the moored boat points, which could be seen as an
apparent positive contribution to the analysis. However, shadow points could
also increase the dimension of the bridging object or create a false connection
between objects, resulting in incorrect segmentation.

Points acquired in the presence of breaking waves or boat wakes always give a
negative contribution to the analysis, leading to false boat dimensions and
position.

For such reasons, a specific filter to solve these phenomena is needed.



Figure 67 shows a port acquisition where noisy reflection points are easily
notable in dark blue. Indeed, the colours used in the image are proportional to
the intensity of the reflected channel. So, a dark blue point means a low
reflection intensity value. It can be noticed that almost all the noisy reflected
points share the same colour, so the same intensity. This intensity hierarchy is
true also for breaking waves, or boat wake acquired points.
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Figure 67. Detail of the noisy points acquired below the boat.

Although the point cloud is projected in 2D, the information on the vertical
direction is still available. A filter that excludes points with a vertical position
lower than a specific threshold value that identifies the sea level and,
simultaneously, a value of intensity lower than the value that identifies noisy
phenomena has been implemented. In this way, the detected sea points are
deleted while preserving the points belonging to the hull that would be
eliminated with a single filter on the vertical positioning.

The value of intensity that identifies noisy phenomena must be evaluated for
each specific LIDAR device. The LiDAR used during the data collection
campaign produces an intensity output value between 0 and 256. After an
extended analysis of the acquisition dataset, it can be stated with sufficient
precision that, in the case study, noisy points due to water acquisition share an
intensity value of 90% below the value of 15. Increasing the lower intensity
threshold value ensures eliminating all the water points, but this could also
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affect low-intensity hull points near the sea surface, decreasing the total
accuracy of the scenario. For such a reason, a value of intensity that identifies
only water points is preferable. Indeed, the value proposed, equal to 15, means
to accept losing about 10% of water points not to be erased. The water points
that remain in the scenario, particularly those that are isolated from the others,
are deleted by the post-processing noise algorithm that sets a minimum number
of points to create a cluster.

A secondary, but not negligible, effect of eliminating noisy points is the
decrease in the number of points processed by the clustering algorithm and,
consequently, the computational cost.

Figure 68 and Figure 69it show the filter action on a moving boat characterized
by a highly noisy phenomenon of waves and wake acquisition.
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Figure 68. Boat acquisition with wake and waves noise production.
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Figure 69. Filtered acquisition

5.3.2 Bounding Box Evaluation

The clustering algorithm labels every point that composes the LiDAR point
cloud based on the geometrical aspect. Indeed, assuming that the LiDAR point
cloud data is represented by an m by n matrix where m is the information from
0° to 359° for all laser channels and n is the information types (usually equal to
5, e.9., X, y, and z position, distance, and intensity), the clustering output is
represented by column array (m by 1).

The task of the bounding box approach is to find a representative point for each
identified clustered group in order to simplify the tracking procedure. Indeed,
to track an object will be enough following its representative point. Therefore,
the clustering output must be processed to obtain a single representative point
for each detected group to achieve a tracking algorithm and assign a dimension
and orientation to each group.

This procedure has been done via the bounding box (BB) approach to find its
centroid.
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The clustering procedure has been carried out in the x-y plane (2D dimension)
for such a reason the BB procedure has been carried out in 2D to reduce the
computational effort and facilitate the implementation of the process in a
possible real-time system.

Many methods and procedures to obtain a BB starting from a point group are
present in the literature. Some bounding box methods are discussed hereinafter
to find a suitable approach for the case study application.

An effortless and fast way to enclose a group of points within a BB is based on
the limit values of the cluster. In particular, the bounding box is built through 4
specific points. The box vertices are calculated as follows:

Vi [Xmin; Ymin], Vo [Xmin; Ymax], Vs [Xmax; ymax], V. [Xmax; ymin]

where:
xmin = min(X); xmax = max(X); ymin = min(Y); ymax = max(Y).

Furthermore, X and Y are the vectors of the x and y coordinates of the group,
respectively. This method is straightforward and fast but leads to several critical
disadvantages. First of all, the bounding box area is overestimated. Moreover,
the bounding box is alienated from the global frame cartesian axis even if the
object has the main dimension not aligned with them. Such aspects become
more relevant when dealing with a vessel with a dimension much bigger than
the other one, particularly when the main vessel dimension is acquired with a
relative position, with respect to LiDAR, with an angle + 45°. Therefore, a BB
obtained in such a way could lead to a misrepresentation of the object geometry.
The box centroid C (X; yc) can be defined as the geometrical centre coordinates
of the BB.

Figure 70 shows the bounding box obtained with the discussed method and its
centroids. The BB does not accurately represent the clustered point group, and
its centroid does not approximate enough the position of the real centroid of the
object.
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Figure 70. Max and min BB method

Another approach is represented by cuboid fitting [188]. Several methods
discussed in the literature to obtain a bounding box are based on a geometric
fitting of a figure on the points cluster. Procedures to fit a figure on a point
cloud are available in many programming languages. In particular, the chosen
method obtains a cuboid solid that better approximates a 3D point cloud based
on an L-shape finding logic, and it also works in a 2D simplification. Since a
fitting technique requires some iterations, it is not as fast as the min-max limits
method.

The accuracy justifies the higher computational time in approximating the main
dimension of the object with the cuboid. However, the L-shape fitting has been
built specifically for the automotive environment. For such a reason, the L-
shape cuboid fitting is not always easily detectable in the marine environment
and could lead to some problems in the orientation of the cuboid when dealing
with boats.

This method represents a good starting point for a first-hypothesis orientation
of the bounding box. The geometric centre of the cuboid is considered the
cluster centroid.

Figure 71 shows the result obtained with the discussed procedure. The
bounding box is much more realistic than the one produced by the min-max
limit methods, but it can be noticed that the box's orientation is not as accurate
as expected.
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Figure 71. L-shape BB method

The last method is to build a BB based on the principal component analysis
(PCA) [189, 190, 191]. In particular, the PCA is a dimensionality reduction
method used to decrease the dimensionality of large datasets, preserving as
much information as possible. The aim is to obtain a projection of variables in
a new frame for whose directions the variance of the data is maximized.
Principal components are computed under the uncorrelation condition, e.g.
directions in which data are projected must be perpendicular. This identifies a
cartesian system of the group in which the projected points can be used to
compute the limits of the cluster extension in the new frame.

The main idea regarding the construction of the bounding box is to obtain the
cartesian frame for which the variance of data is maximized. Projected data on
the new frame is used to obtain the limits values for the directions under
analysis (2 in the case study). Then, the bounding box's vertices are evaluated
as a vector sum by using the limit points described in the new reference frame
as boundaries. Also, in this case, the centroid is the geometric centre of the
bounding box, as seen before.

Figure 72 shows the BB obtained starting from the PCA method. The geometric
centre definition is much more realistic than the previously shown methods.
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Figure 72. BB PCA method.

5.3.2.1 BB result comparison

In order to carry out a comparison concerning the discussed BB construction
methods, a virtual LiDAR dataset has been prepared, as shown in Figure 73.
Two different types of surface vehicles are modelled and located at different
positions with respect to the LiDAR device. On the top, it is located the surface
vehicle number 1 (12 m), in yellow, while at the bottom, in cyan, is located the
surface vehicle number 2 (8 m). The vessel positions have been chosen to verify
simultaneously two-point groups composed of points arranged very differently
regarding the LiDAR device.

Indeed, the advantage of using a virtual scenario to identify a LIDAR point
cloud is to construct the precise geometrical BB through the 3D software.
Moreover, such aspect permits knowing the vessel BB, its centroid, and its
orientation a priori, as shown in Figure 74 and Figure 75, in order to compare
them with the results obtained by the previously discussed methodologies.

In Figure 76 and Figure 77 are reported the results obtained using the min-max
limits method.
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In Figure 78 and Figure 79 are reported results obtained adopting the geometric
fitting on the point cloud, while in Figure 80 and Figure 81 are reported
bounding boxes obtained by using the method based on the principal
component analysis (PCA).

Figure 82 reports the error regarding the centroid estimation obtained as the
distance between the calculated centroid with respect to the original one. The
definition of the centroid as the geometric centre of the bounding box has been
adopted to compare results.

Figure 83 shows the errors of the area obtained as the difference between the
3D modelling BB area and the BB area of the discussed methods.

The error regarding the heading angle is evaluated as the difference between
the orientation of the reference BB main dimension and the orientation of BB
obtained with the different construction methodologies. The analysis is shown
in Figure 84. The definition of the heading angle as the bow angle taken from
the north direction and increasing clockwise has been adopted.

Figure 85 reports the time cost spent by the presented methods to compute the
bounding box. The results have been normalized on the min-max limits method
computational time. It must be considered that the order of magnitude of the
time cost for the min-max methodology is around 10-3s. For such a reason, both
methodologies have a negligible computation time compared to clustering
methods.

Analysing the reported and discussed results, it can be stated that the method
based on PCA meets the case study requirements. In particular, the PCA
method ensures a low computational time while preserving a precise BB
orientation and the estimation of its centroid.

On the other hand, the geometric fitting needs a computational time equal to
the PCA method, while the results are not as accurate.

Results obtained with the Min-Max limits method are not as accurate as
required, but on the other hand, it needs an extremely low computational time.
This characteristic makes the Min-Max method suitable for applications where
lowering the time is the most important aspect, while a higher level of
approximation can be accepted.

BB construction based on the Principal Component Analysis has been selected
for the case study.



Figure 73. Representation of the virtual scenario built to compare bounding box methods. In
red is reported the LiDAR location. In yellow surface vehicle number 1, in cyan surface vehicle
number 2.
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Figure 74. BB dimension and actual centroid position for surface vehicle number 1.
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Figure 75. BB dimension and actual centroid position for surface vehicle number 2.
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Figure 76. BB computed with the min. and max. limits method. Surface vehicle number 1.
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Figure 77. BB computed with the min. and max. limits method. Surface vehicle number 2.
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Figure 78. BB computed with the geometric fitting method. Surface vehicle number 1.
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Figure 79. BB computed with the geometric fitting method. Surface vehicle number 2.
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Figure 80. BB computed with PCA method. Surface vehicle number 1.
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Figure 81. BB computed with PCA method. Surface vehicle number 2.
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Figure 82. Error on the position of the BB centroid.
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Figure 85. Normalized time to compute the BB of methods presented.



5.3.3 Tailored Multi-Obstacle Tracking

Tracking activity is crucial for the Guidance, Navigation, and Control of
autonomous systems or decision support systems in order to support the
helmsman during navigation. Indeed, knowing characteristics like position,
speed, and orientation as a function of time is essential for making effective
operative decisions autonomously or as feedback support to increase vessel
safety.

Tracking term means a task that aims to achieve situational awareness by
knowing the state, as the kinematic parameters and attributes that characterize
one or more objects (targets) over the time domain and possibly predict their
future values.

The aim is to obtain a fast method tailored for the marine environment that
allows for tracking near to real-time LiDAR data collection. Procedures already
discussed are exploited to associate each object - vessel or obstacle - with a
representative point that is used as a target for the tracking activity. In
particular, the clustering procedure is able to label the point cloud into groups
that correspond to the real objects. BB is built to associate a representative point
and a set of geometric information as dimension and orientation for every
cluster group. Indeed, clustering and BB building procedures are necessary
conditions for tracking activity.

The aim is to obtain a LIiDAR sensor-based multi obstacle tracking. The
working principles algorithm is reported in Figure 86. Although tracking
algorithms are also discussed for a group of points in the literature, for the case
study, the tracking activity is performed on BB centroids, considering centroids
as representative points of the entire objects.

LiDAR sensor Data import and Euclidean PCA2D Tracking
specific filters Clustering Bounding Box : ]
S
PR . 7 @ s
(W m (e R »
- ounding box on entroid-trac
™ Bounding b Centroid-track
Filtered d Clusters with random groups channel association
Raw Data lltered data indices Centroid evaluation Speed evaluation

Figure 86. Complete tracking algorithm workflow.
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Tracking a single object in the area of interest allows adopting the simplest
tracking algorithms known as single-target tracking (STT). Tracking a
standalone target does not require a data association process because the
detection can be directly used to evaluate the state of the object.

Dealing with multiple targets requires the association of the target to a track
channel. By knowing the present and past variables’ values is possible to
evaluate the state of the target. This system is used in a modern tracking system
that usually involves a Multiple Target Tracking (MTT) model. MTT
association problem is a challenging aspect and is the method adopted that
generally distinguishes the different tracking algorithms present in the
literature.

In modern MTT systems, the assignment is achieved by means of a prediction
and a gating activity. The prediction is generally delegated to the MTT internal
filter (such as a Kalman filter) and is used to carry out the gating activity; a
validation gate is built around the predicted track based on the predicted state
and associate covariance to individuate the candidates' track for the assignment.
The gating activity's purpose is to decrease the computational effort of the
detection-track association algorithm feeding it only with validated candidates.

Joint Probabilistic Data Association (JPDA) algorithm [192, 193, 194] and
Global Nearest Neighbour (GNN) algorithm [195] are well-known tracking
algorithms, often proposed in the literature to track LiDAR and RADAR data.
They are generally adopted when it is necessary to associate multiple object
measurements with multiple sensors in a cluttered environment in order to
achieve target tracking, even if JPDA usually performs better in a high clutter
environment than GNN.

GNN algorithm employs a rigid detection assignment to a track; in particular,
the global nearest observations within candidates validated from the gating
activity are assigned to the selected existing tracks. A new track is initialized
when an observation is not associated with any existing track.

On the other hand, the JPDA algorithm performs a soft assignment; all
detections that fall in a track’s validation gate can contribute to the track by
means of weight based on their probability of association. If the probability of
assignment of detection is lower than an imposed threshold, the algorithm
initializes a new track.

The description of the literature tracking systems is not meant to be a detailed
explanation of the tracking algorithms but a brief introduction necessary to
better understand the existing problems.



JPDA and GNN approaches are pretty sophisticated and require filters to make
predictions, increasing the computational cost. On the other hand, LiDAR point
cloud detections in the marine environment do not involve high clutter
phenomena as applications in which JPDA and GNN are generally adopted.
Therefore, the advantages of using these algorithms are limited, while
containing the computational cost is essential for the case study. A simplified
model capable of achieving a good level of accuracy in the tracking activity
was developed.

5.3.3.1 Object ID association issue — proposed tracking
method

The premises for the development of this model are not to use a predictive tool
and to contain the computational effort. Therefore, the development was
oriented on the use of elementary operations considering the peculiarities of the
marine environment. Moreover, the tracking system must be structured in such
a way as to take into account the outputs received from the clustering and BB
construction modules already discussed in the previous chapters.

Assume having two acquisitions at consequent times t and t+1 and that the
clustering and BB building activities are already performed. Cluster labels and
the associated BB and its centroids are information available. The clustering
algorithm starts to analyse datasets in a random seed point. For such a reason,
it must be considered that the same label p will probably identify a different
object at time t and at time t+1. In other words, the object acquired at time t+1
could be identified with a cluster label different to the label assigned to the same
object at time t. Moreover, it is not ensured that the number of clusters at time
t will be the same at the time t+1. The continuous change in the cluster label of
an object is typically overcome using tracking channels or a track-list.

The tracking activity problem is how to manage the assignment of an object to
a track channel over time. The aim is to evaluate a method based on the data at
disposal that allows assigning, with reasonable accuracy, centroids evaluated at
a different time instant to the same track channel in order to represent the same
object.

The proposed method to achieve the tracking task is based on a closeness logic.
Indeed, an object at time t+1 is assigned to the track channel that identifies the
closest object at time t.

For each time step, the algorithm calculates the distance between the clusters at
the time t and at the time t+1. A matrix D;; is built where the location ij
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represents the distance of the object j at the time t+1 from the object i at the
time t. Then, a generic object j is assigned to the track that minimizes the
distance. If at time t+1 there are more tracks than at the time t, the unassigned
object produces a new track. If at time t+1 the number of tracks is less than at
the time t, the track - or the tracks - that remain without new objects are
cancelled.

This algorithm could seem to be an excessively simplified methodology but
contextualized on the case study it guarantees several advantages. First, its
simplicity allows assigning a vessel to a track without performing any time-
consuming prediction concerning the path, making it a high-speed method.

The ambiguity tracking represents the main problem due to closely spaced
targets. Indeed, geometric positions of different targets at time t+1 and at time
t could be disposed to lead to a wrong switch of the assigned track channels.
Such an issue is an existing problem, shown in Figure 87. Tracked points are
the centroids of the BB built on the clusters detected in LIiDAR acquisition. It
means that a minimum distance between centroids is always maintained due to
the physical geometry of surface vehicles.

LiDAR used in the case study can perform five scans per second (5 Hz).
Assuming the worst case of a 6 m long boat that is sailing at 20 knots in harbour
water, in one second, the centroid is shifted by about 10 m. If the LiDAR
acquires a new scan every 0.2 s, it means that the centroid shift between two
consequent scans is of the order of 2 m. In other words, the centroids
representing the boat at time t and at time t+1 are enclosed in the boat's shape
at time t+1, making it impossible to switch on the track assignment with another
vessel due to the closeness Figure 88. Moreover, it must be considered that such
a high speed is not typical — and not even permitted — in a port scenario where
boats sail slowly.

The only case in which the closeness criterion could fail, depending on the
speed, is when two small boats stand side by side for a boarding operation.
Nevertheless, in this specific case, a failure of the clustering algorithm is
detected before the tracking operation. Indeed, the two very close boats will be
clustered as a unique object belonging to the same cluster, and a single centroid
will represent them. Then, when the boats start to drift away, and the clustering
algorithms recognize them as separate objects, what has been said previously
is valid, and the problem does not arise. This behaviour could probably lead to
a switch of the track channel but does not depend on the tracking assignment
criterion. The same thing happens in an impact event. Such a limit is not
suitable for the following track or following the leader logic where it requests



to follow a specific target. Indeed, the track can be lost in such a case during a
particular manoeuvre. Therefore, except for particular scenarios, it can be stated
that the proposed track assignment criterion produces accurate results for most

cases.
min distance
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Figure 87. Failure scenario for the closeness criterion. Figure 88. The behaviour of

the centroid shift between two
consequent LiDAR
acquisitions.

The pseudocode, representing the assignment of the centroids to the track-list,
is shown below:

READ centroids (previous scan) from the track-list
READ centroids (current scan)
FOR i = 1 to number of previous centroids
Compute the distance of i" previous centroid from each current centroid
Find the index k of the current centroid with a minimum distance
Add the kt" current centroid to the i track channel
END
IF number of current centroids > number of previous centroids
Assign current centroids not already assigned to new track channels
IF the number of current centroids < number of previous centroids
Remove the no update track channels
ELSE
Update all track channels
END

136



After carrying out the centroid-track association, the speeds are assessed. The
object’s speeds are concerning to the LiDAR reference frame, Vx and Vy
[Figure 89]. The centroid’s speed V is evaluated as follows:

Xt)—-X(t—-1)
X =

At
vy = Y(t) —AYt(t —1) (30)

v = Vi 4772

Where X and Y are the coordinates of the centroid associated with the ID (or
track channel) for which the speed is evaluated; t and t-1 indicate the frame for
which the speeds are evaluated, while At is the time interval between the two
scans.

Vxand Vy are the speed components projected on the LIDAR’s reference frame.
The angle that the centroid’s speed (V) forms with the X-axis can then be
calculated as follows:

— V.
X = arctan? (31)

From a hydrodynamic point of view, the y angle includes both the route angle
y and the drift angle 6, as shown in Figure 90.

y a y A
Vy \%

Vx

Figure 89. Speeds on LiDAR reference Figure 90. Speed angle on LiDAR reference
frame. frame.



As has been shown in the previous section, the centroid calculation is strongly
influenced by LiDAR data collection accuracy; therefore, the x angle obtained
is a purely indicative estimate. Moreover, the drift angle  cannot be evaluated
with the available data, and so the route angle y of the target remains an
unknown variable.

The proposed tracking method has been tested and validated by means of the
synthetic and experimental data collected scenario.

5.3.3.2 Real scenario — proposed tracking method

The proposed tracking algorithm has been tested in a real marine scenario
where two boats navigate in opposite directions and maintain an average safety
distance. The considered frames for the analysis are 38, assuming to evaluate
the tracking algorithm every second.

Therefore, the analysed scenario has a temporal duration of 38 s. The scenario
has been collected by using an acquiring speed equal to 5 Hz. For such a reason,
every frame is acquired every 0.2 s. Choosing one second as the time step
allows the algorithm to consider an under-sampling case and puts the analysis
in favour of safety. However, the algorithm is able to process a scan every 0.2
s under certain conditions, i.e., in the open sea. In this case, the analysis started
has a frame step equal to 5 frames.

In Figure 91 are reported the point clouds regarding the two vessels for each
numbered frame.

In Figure 92 are reported the bounding boxes and the track number identifier

(ID).
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Figure 91. Real scenario tracking — point clouds and centroids.
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Figure 92. Real scenario tracking — bounding boxes and vehicle ID.



Figure 93 shows the speed, in knots, of vessels for x and y directions and the
speed module. ID 1 is reported in a blue line with circle markers, while ID 2
with a red line with cross markers. A fluctuation of the velocity value is
observable. The centroid movement is not entirely attributable to the only
vessel motion but also to the differences in its description caused by LiDAR
acquisition peculiarity. Depending on the time step adopted, a very high
sampling frequency produces a more significant oscillation in the instantaneous
speed. Indeed, the instantaneous speed does not provide a reliable value but can
be used to estimate the mean speed through time history.
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Figure 93. Speed comparison for both vessels. The ID track number identifies objects.

5.3.3.3 Virtual scenario — proposed tracking method

In order to test the tracking algorithm on a more challenging scenario, a
synthetic scenario has been created to stress the multi-object tracking algorithm
testing an improbable navigation scenario where no safety distance has been
respected. The virtual scenario has been developed in order to obtain a
trajectory intersection among a motorboat (8 m), a sailboat (12 m), and a gozzo
(6 m). The motorboat has south to north route direction. The sailboat navigates
with an east to west route direction. The gozzo has a southwest to northeast
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route direction. The motions of the boats within the scenario are the following:
the motorboat slows down, then passes aft of the sailboat and accelerates
straight ahead. The sailboat maintains a quasi-constant speed while the gozzo
crosses the two trajectories passing very close to the motorboat. The minimum
distance is less than 4 meters. The boat movements vary from less than one
meter up to several meters for each step, depending on the speed of the ships.
The time step adopted for the analysis is one second. The model built to test the
tracking procedure is reported in Figure 94. For the sake of clarity, the colours
identify the same instant frames for the different ships, in particular, starting
from red to green.

Figure 94. Virtual scenario tracking — 3D shape.

Figure 95 and Figure 96 show the track history on the 2D plane, showing
different information, the point cloud and centroid, and the BBs and the ID,
respectively, for each frame. For the sake of clarity, the data has been reported
as skipping one frame avoiding plotting every frame. Otherwise, the plots
would have been useless for understanding purposes. It is essential to underline
that the point cloud that describes the gozzo is poorly acquired in the sixth
frame due to the motorboat shadow cone. This aspect implies a wrong
evaluation of bounding box orientation, area sizing, and centroid position.
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Figure 95. Virtual scenario tracking — point clouds and centroids.
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Figure 97 reports the speeds for the track channels. The blue line with the circle
markers identifies ID1 (gozzo), the red line with the cross markers identifies
ID2 (sailboat), and the cyan line with diamond markers identifies 1D3
(motorboat).
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Figure 97. Speed of vessels.

A tailored scenario allows comparing the speeds calculated by means of the
tracking activity respect with to speeds assessed by the 3D virtual scenario. The
comparison between the tracking calculated speeds and that set in the model
(Figure 98, Figure 99, Figure 100) are reported hereinafter.

The calculated speed is shown with a blue line and circular markers, while the
model set speed is shown with an orange line and x markers. The high
difference concerning the speed for the ID 3 in the last frames is attributable to
the motorboat's position and the distance between the boat and the sensor.
Frames 6, 7, and 8 are characterized by an incorrect evaluation of the speeds of
ID1. Such aresult is a superimposition consequence of ID3 and ID1 that implies
a worse acquisition of ID1, which is partially positioned inside the shadow cone
caused by the presence of 1D3.
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Figure 100. Calculated speed compared to the actual one for track ID number 3.
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5.3.3.4 Computational time comparison — proposed tracking
method

The tracking results are entirely overlapping regarding the real environment and
the virtual one, considering the other tracking system (JPDA & GNN).

Figure 101 reports the comparison of the average time needed by each
algorithm to analyse a single scan of the real scenario already discussed. Again,
time results are normalized on the time cost of the proposed tracking procedure.
Even if the proposed procedure does not ensure any prediction, contrary to what
the standard tracking algorithms do, for the case study, it produces sufficiently
accurate results and, on the other hand, guarantees a computational time of the
order of 10s. Such a low computational cost allows for completing the entire
procedure, starting from clustering to obstacle-tracking, almost in real-time.
Moreover, the computational time is comparable with LiDAR acquisition time
intervals. Predicting the trajectory is generally linked to the risk of having no
observation for a consistent time due to data loss. Nevertheless, since the
algorithm could work processing more than one scan for a second, some scans'
lack of an object does not produce particular issues.
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Figure 101. The normalized time cost of the tracking algorithm for one single LiDAR scan.

The results suggest that using more complete algorithms such as JPDA and
GNN for the environment under analysis does not lead to appreciable benefits,
instead increasing the computational time. However, using GNN and JPDA can
be helpful in very complex scenarios where the tracked object is likely to be
hidden and lost for short periods, and path prediction is essential to avoid the
potential collision.



Chapter 6

6.1 Conclusion

The proposed research project aims to develop enabling technologies to achieve
autonomous navigation or a decision support system. In particular, two main
topics have been treated, the dynamic positioning system and the collision
avoidance system, highlighted the experimental obstacle detection. Moreover,
has been presented the experimental facility and devices, thanks to the research
project, have been carried out.

Regarding the dynamic positioning system, the importance of using a dynamic
approach to dimension and more accurately knowing the behaviour of a system
was shown. Hence, significant differences concerning the static-approach
results have been demonstrated. Furthermore, using a dynamic approach allows
evaluating the transients and analysing how the DP control logic responds to
the different disturbance magnitude and oscillations; this information will not
be available with other design methods.

Indeed, the static approach is valid for designing the propulsion system's main
characteristics and stationary performance during a design concept phase. On
the other hand, it is impossible to understand, from the static results, if the
marine vehicle will overcome the transient safely or if the vehicle can
withstand, even small, oscillations around the equilibrium reached
configuration.

Moreover, the presented DP system was developed with two force allocation
logics (FALS), one optimised thrust allocation and one with a fixed propeller
position that can be used in both open-loop and closed-loop for the station-
keeping purpose. The results showed that each allocation has some benefits and
drawbacks, and it is possible to think about switching between them in the
function of external disturbances direction.

The collision avoidance system was presented in its first level, e.g., managing
the first part of the system. The obstacle detection was tailored for the marine
environment. In particular, a sensor-based multi-tracking obstacle was
developed that detects and tracks wandering obstacles in the marine field using
the latest generation sensors and integrates effective data management and
analysis. The proposed approach contributes to the steps necessary for the
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construction of a decision support system and the autonomous navigation
research field.

The use of LIDAR sensors guarantees effective virtualization of the
surrounding environment by means of a point cloud structure. The LiDAR point
cloud was analysed by exploiting the proposed machine learning approach
based on unsupervised learning techniques, particularly Clustering and
Principal Component Analysis steps.

This approach ensures obtaining a high level and fast object detection, avoiding
the onerous training activity required by a supervised learning approach.
Furthermore, the peculiarities of LIDAR scanning in the marine field allow the
construction of a simplified tracking system, which results in a much lower
computational load than more complete methods, guaranteeing an equally
precise result.

A method for obtaining a virtual scenario suitable for testing and developing
algorithms was also shown. This approach allows the researchers to test their
algorithms on synthetic point clouds obtained without real devices. This
approach is recommended in the early stage of the project when the devices are
unavailable or to optimize the resources to avoid experimental data collection
campaigns.

6.2 Future Research

Future development will concern the dynamic positioning system's
experimental tests on the model-scale tugboat and compare the observed
manoeuvring behaviour with the presented numerical results.

The different force allocations developed will be implemented on the test model
in order to obtain a comparison between simulated and experimental data.
Furthermore, the video tracking system shown with a single camera can be
improved by providing for the use of multiple cameras simultaneously in order
to enlarge the available field of view. In this way, the developed allocations can
be used not only in order to perform dynamic positioning manoeuvres but also
to change positioning.

Concerning the obstacle detection topic, despite the experimental and virtual
validation of the multi-tracking obstacle, several issues were detected, such as



the LiDAR acquisition of black objects due to optical phenomena and

propagation of the groups identified by the Clustering algorithm in the presence
of bridging objects.

A future development already under analysis is the data-fusion activity to
overcome the inevitable and peculiar shortcomings of the single sensors.
Enlarging the number of information collected and data sources allows for
overcoming the specific lacks of each sensor. Moreover, the Inertial
Measurement Unit (IMU) used to evaluate ship movement and position will be
essential to process the acquired LiDAR point cloud to use the application in
real-time in a dynamic scenario.

Figure 102 shows a proposal for a data-fusion activity coupling an RGB camera
and a LiDAR sensor. In particular, the point cloud is processed through the
unsupervised proposed method, while a supervised approach employing
Convolutional Neural Networks (CNN) is adopted for RGB image processing,
particularly YOLOvA4.

Input Unsupervised

LiDAR Point Learning 2D Bounding
Cloud Clustering Box
Output
Multi-Object
Supervised Tracking

Learning
Convolutional
Neural Network

Input
RGB Image

In particular, thanks to the CNN know-how of SEASTEMA (Fincantieri
NexTech) Company, this research topic has been carried out, and the object
detection via RGB image has been concluded, as shown in Figure 103.

Object Detection

Figure 102. LiDAR-camera data-fusion workflow.

The topic under development is to the information hierarchy level in order to
decide the priority of data (data-fusion activity). More pieces of information are
available in [196].

Indeed, the natural continuation of the proposed project has to include the
integration of different sensors and the time synchronization of the acquired
data to improve the system's accuracy and flexibility.
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Figure 103. Object detection via YOLOv4

In particular, the aspects concerning the development of situational awareness
must be deepened and analysed in the immediate future. They will acquire ever
greater importance for remotely guided or autonomous ships.

For example, this aspect is evidenced by an important project, called "Ocean
Infinity" that has the purpose of designing and constructing a new series of six
multi-purpose offshore vessels, all of which will be operated from shore.
Indeed, in this project, the development of a situational awareness system
through the integration of a multitude of sensors of different nature e.g., RGB
images, RADAR, SONAR and LiDAR data, will be essential to the success of
the project. The project data fusion hierarchy is still under discussion and study.
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