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Maritime Training in the 21% Century

Volker Bertram, Tracy Plowman, DNV GL, Hamburg/Germany,
{volker.bertram,tracy.plowman}@dnvgl.com

Abstract

The paper discusses expected or desirable changes in teaching engineering, in particular post-
graduate and professional training in maritime technologies. Several factors drive the developments:
changes in students, changes in technology, changes in expectations from industry and governments.
These factors determine what we need to teach and how we need to teach. A different teaching infra-
structure with possibly different providers is expected to evolve. The paper discusses both market and
technological aspects, highlighting challenges and pitfalls of new technologies commonly referred to
as “e-learning”. The paper argues in favor of pedagogy-driven education rather than technology-
driven education.

1. Introduction

A new method to the 3d flow around a ship on shallow water and in oblique waves is a safe topic for
an engineering conference. An estimated three colleagues may be interested to start with. A suitable
mixture of complex equations, daunting diagrams and colorful displays will evoke admiration, little
interest and no aggression. In comparison, education in engineering is a dangerous topic. All engi-
neers have been exposed to the topic (as students). It is a bit like soccer:

It used to be better in the past.

The players (students) today just do not want to work anymore. Shame on them!
The coaches (professors) are incompetent. We could do a better job.

It is still great fun to talk about...

Teaching environments and technigues have changed over time, Fig.1. In Germany in the early 1980s,
all professors used blackboard and chalk. Today, a mixture of PowerPoint and blackboard (or white-
board) prevails. Discussions about future teaching employ terms like “web-based teaching”, “e-
learning” or “m-learning” (e-learning describes learning (or teaching) through the use of assorted
technologies, mainly Internet or computer-based. Students rarely, if ever, are face-to-face with each
other or teachers. m-learning describes learning through the use of mobile devices, particularly mobile
telephones.) This comes typically with reorganization of departments and curricula, introduction of
further quality management procedures and reduction of budgets. One must be a politician or univer-

sity president to understand how this will result in better engineers for our industries.

Fig.1: Teaching over time (around 1940, 1975 and 2008)

A lot of the new teaching technology has been driven by mass markets like language teaching. Here
the financial incentives are higher due to much higher numbers of students. In addition, there is a tra-
ditionally much higher focus on pedagogy and openness to multi-media teaching. Much of what is
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now discussed for maritime teaching has been tested in other fields like language teaching, law, and
medicine. Highly specialized engineering (like graduate and post-graduate training in maritime tech-
nologies) is different from these fields in required skills, available market size, and other aspects.
Some approaches that work for example in English language teaching do not work for teaching naval
architecture.

Despite changes in students and technologies, there are some constants in our fundamental guidelines
to teaching:

e You learn by doing and face-to-face time with teachers is expensive. So we need to encourage
students to work outside class time.

o Students should use tools that they are familiar with. For our generation, that meant books. For
the new generation of students, this may increasingly mean computers and even smart phones.

e Communication with peers should be encouraged. This happened too little in classical engi-
neering training, where frontal teaching has ruled supreme. Internet technology allows virtual
meeting spaces for students. While popular for “net-working” (gossiping), we are not aware of
any real academic benefits in the maritime field. However, traditional teamwork continues to
work well and team communication is then automatically based on internet and mobile phones.

e Modern teaching approaches advocate: Make teaching competitive, make it fun! We are sup-
posed to move from education to edutainment, where students are entertained while learning
guasi without noticing it. This is easier in language education than in engineering. Material sci-
ence was no fun 30 years ago, still is no fun, and is unlikely to ever be fun. No pain, no gain.

2. Changing conditions

The introduction has already mentioned several of the driving factors shaping our teaching: budgets,
technology, and politics. The demographic and political changes are fairly universal. They will be
discussed in the following subsections.

2.1. Different students

“Students these days are not what they used to be.” We heard this sentence when we were students
from our professors. We hear it today, and it is the same the world over:

e They do not want to study as much as we did.

e They cannot write properly even in their mother tongue.

e They only want to play with computers; they are not interested in “real” science (i.e. the
mathematics involved in fluid or structural analyses).

These are not senile professors ranting, with a selective memory of their past. There are real changes,
due to changes in the way of life and upbringing of children. Today’s children are exposed to comput-
ers before they go to school. Prensky (2001,2011) calls them “digital natives”: “Today’s average col-
lege grads [in the USA] have spent less than 5,000 hours of their lives reading, but over 10,000 play-
ing video games [...] It is very likely that our students’ brains have physically changed [...] .” These
digital natives are our raw material and they are different from us, with strengths and weaknesses:

They are used to getting information fast. They google rather than open 20 books in a library.
They prefer graphics to texts.

They prefer random access to information (like hypertext links).

They function best when networked.

They thrive on instant gratification.

They prefer games to serious work.



Does any of this sound familiar? Our generation of teachers is called “digital immigrants” by Prensky
(2001). We are always one generation behind in the latest technology tools. Digital Immigrants have
to teach Digital Natives. We cannot change the students or course participants we get. Instead, we
should work on understanding them better and try to adapt our teaching to them, without sacrificing
our goal to teach them what we know (or believe) to be important in their professional careers.

2.2. Changing political frameworks
Several political trends influence the evolution of teaching in general:

e There is an increasing demand for life-long training, with upgrades on new developments in
legislation and technology. Industry engineers looking for continuous professional develop-
ment are willing to spend more money, but less time and will favor on-site training rather
than on-campus training. The demand for distance learning will increase.

e The transition towards a unified bachelor-master-PhD system in Europe (following the Bolo-
gna treaty) has reduced thresholds between the various states in making university degree
compatible. This means that students will have more choice in where they can study. The
winners of the resulting competition between universities are likely to be large Anglophone
universities.

¢ Funding for education is reduced in most countries. There is a trend to “privatize” state uni-
versities, cutting their budgets and encouraging them to generate more own income.

2.3. New media

“New” media invariably involve computer technology. Technology develops and new terms come and
go. After initial hype and large investments, universities and other higher learning institutes frequently
experience a sobering disillusion.

An example may illustrate the problems encountered: “Self-access centers” (SACs) are educational
facilities designed for student learning that are at least partially, if not fully self-directed. Several web-
sites promote SACs as follows: “Self-access learning gives you the opportunity to develop initiative,
responsibility, self-awareness, confidence and independence in learning. It is about making choices
and having flexibility in learning.” This sounds great in theory, but SACs often do not live up to these
expectations, for a variety of reasons:

e It is expensive to set up a good SAC. Learning institutes like to boast having an SAC, but do
not want to pay much. Token efforts are a waste of money when it comes to SACs.

e SACs are frequently poorly staffed. Some existing teacher or technician gets tasked with
running the new multi-media lab. There is no budget for hiring a dedicated expert or even for
training the person responsible.

e Material gets stolen or vandalized.

e SAGCs are set up as a once-off prestige object, often with external once-off funding. There is
no budget for maintenance and upgrades. As a result, half the computers do not work after a
short period or have outdated and incompatible software.

e Students have no time or no motivation to use SACs, at least not for studying.

3. Challenges and Trends

The requirements for future engineering teaching involve some changes in infrastructure and teacher
profiles:

e More teaching will have to be based on e-learning and short courses. We have observed
course times moving from 1 week, to one day with demand increasing for 5 to 45 minutes e-
learning solutions to respond to industry demand for continuous professional development.



So units of learning become ever shorter. Similarly, expectations for development times be-
come ever shorter: “Can we have training on latest XYZ developments next week?”

e Teachers will continue with some traditional tasks (selection or creation of appropriate teach-
ing material, checking that learning goals have been achieved (tests), monitoring of results,
evaluation of learners), even if based on different media.

e “Edutainment” will require more frequent changes of media (more video) and topics than
traditional teaching.

New media may or may not offer better ways of teaching, but pedagogy comes first. First we must
decide what to teach, and then we can decide how best to teach it. Poor pedagogy results in poor train-
ing, regardless what media is employed. No doubt we have all seen more than enough useless e-
learning courses.

The appendix lists some goals compiled during a workshop on training future ship designers, Rusling
et al. (2005). The elementary learning techniques to teach these goals are (largely) media independent
and migrate naturally into web-based teaching:

Traditional e-learning
watching Blackboard PowerPoint
embedded videos
reading Books Books
Lecture notes Online texts
doing Exercises Exercises (web-based)
Assigned homework/projects Assigned homework/projects
Laboratory work Virtual lab visits
testing/evaluating In class On-line
Homework submission

Here the pedagogy remains largely the same. The change is gradual and there is better acceptance
among the traditional trainers/teachers. In principle, all traditional elements in our curricula could
migrate to digital form, except for laboratories and visits to industry sites. The vast majority of the
“digital immigrants” defend traditional laboratory time, but personal experience is that they are ex-
pensive and ineffective in teaching. If you really want to learn experimental techniques, make an in-
ternship or project in a professional testing facility. If you just want some hands-on feeling on some
physical behavior then a virtual (numerical) lab could serve a similar purpose. So, in principle, migra-
tion to e-learning should be feasible in most cases. Then, why don’t we see widespread e-learning
activities in the maritime world and why do many efforts fall well short of their targets?

There are many factors contributing to the slow transition in our field:

e Often, there is no or insufficient budget for the conversion to electronic teaching.
e Our best teachers are often not 100% computer savvy and the computer gurus lack compe-
tence in the subject matter and in pedagogy.
e E-learning is frequently not desirable:
- You have no feedback from the learners (do they understand the material?)
- E-learning requires self-discipline and maturity, frequently not found in our average high-
school graduate;
- E-learning requires more technological skills from teachers and students.

Some web-based means to support teaching are found in most universities today. At ENSTA Bretagne
a decade ago, we employed Moodle (http://en.wikipedia.org/wiki/Moodle) as a platform for the teach-
ing of naval architects and offshore engineers. Students accessed teaching schedules, lecture notes,
assignments, and even grades via this platform. The project was moderately successful. The “down-
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load” center was readily accepted. Moodle also made it easier to integrate special students who were
part time in industry (in other cities) and followed part-time courses at ENSTA Bretagne.

In Germany, four universities offering naval architecture and ocean engineering at graduate level and
the research group “instructional design and interactive media” joined forces within the multi-million
project mar-ing to develop e-learning infrastructure and material, Bronsart and Musebeck (2007).
Some years later, the video conference facilities were used for occasional lectures by visiting lecturers
from industry or academia. Each university continued to use the developed material, but no mention
of core lectures being offered in distance learning could be found.

We should not be surprised. The same mechanisms have prevented a text book culture in our field:

e The considerable effort to develop and update material for specialized topics cannot be recu-
perated.

e Teachers like to use their own material, because some topics are not covered in a book, or not
explained in a way the teacher likes.

We will therefore not see a rapid e-learning development as e.g. in English language teaching. Still,
the demand (and pressure) is there to develop web-based courses, which may come in the form of e-
learning or webinars or evolving other forms. As universities do not reward effective teaching, much
of this development towards web-based training will be driven mainly by industry providers.

4. Our own experience

Until fairly recently, DNV GL’s Academy and our own training experience was based on classroom
courses, where frontal teaching is interspersed with various tasks to actively involve and engage the
learners who are usually limited to 15- 20 people to allow small-group interaction. Over the past few
years, our Academy has responded to the increasing demand for “e-learning”, which is a frequently
used term by our customers expressing “something on the computer where my employees don’t have
to travel and sit in your classroom”. Often the real training need and most suitable form of training
require further elucidation through discussion of available options and constraints. We discuss our
experience with various options in the following subchapters.

4.1. Classical e-learning courses

Some years ago we developed our first e-learning course on energy efficiency in ship operation. The
course was rolled out via USB sticks branded with the customer’s logo. The focus was on having a
training solution that could be used anytime and anywhere, targeted at ship crews who would not have
(easy and cheap) access to the internet. The course was subdivided into modules of typically a few
minutes’ duration with small tasks or quizzes to keep the participants’ attention and to provide feed-
back on achieved learning goals. Since then technology platforms have progressed with web-based
solutions and more user-friendly software to create small cartoon-type videos, Fig.2.

Fig.2: Typical stills from e-learning videos merging cartoon characters with tailored image elements
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We have seen an exponential growth in demand for e-learning solutions both for internal and
external training, the goal always being to save costs. But e-learning is neither cheap nor fast to
produce. It requires a team of domain experts, pedagogical experts and programming experts. Once
produced, the solution is more rigid than classroom training. In this respect, producing e-learning
resembles writing a textbook. For example, local trainers can easily conduct classroom training in the
native language of participants using PowerPoint material in English. Translating e-learning to multi-
ple languages is usually prohibitively expensive in the limited maritime market.

A key lesson learnt over a variety of projects is that costs and time for e-learning are easily underes-
timated:

» Scope creep is frequently an issue in e-learning projects, especially if there is no designated sin-
gle point of contact on the customer side. Change requests should be budgeted in and made ex-
plicitly clear in terms of time and cost to the customer. It is a good idea to have a script similar to
a movie with sketched stills before producing any video. Only after such a script (or storyboard)
has been mutually agreed upon should the rather expensive video production commence.

» Customers mostly have no idea about video production effort. Costs depend on many factors, but
as a rule of thumb 1 minute of video costs 1000-3000 € to produce. It should thus be considered
in each case whether a video is “nice to have”, “important” or “essential” in the context of the
learning goals.

» Costs for e-learning production vary globally and depend on the sophistication of original class-
room material and desired e-learning material, but in a 2017 market survey transposing a 40 slide
presentation into e-learning gave costs of 7500 to 15000 €.

We would propose that E-learning is suitable for the following cases:

» There is a clearly defined topic where the state of the art does not change rapidly. E.g. non-
destructive testing of welds is suitable as it has used the same technologies for decades and the
fundamental physics do not change.

» There is a large and distributed pool of learners, with economies of scale justifying the relatively
high initial production costs.

» The reason for training is compliance. A typical example is the instruction by airlines on safety
procedures. “In the unlikely event of a sudden drop in cabin pressure...” Do all passengers really
know what to do in an emergency? Of course not, but the airlines need to have proof that passen-
gers were “instructed”. Training employees across a corporate empire on compliance issues
(company mission, anti-corruption policies. etc.) is often based on e-learning. Record keeping of
“successful instruction” can be automated, making it a popular option with human resource and
compliance departments.

E-learning generally has less impact than classroom training where individual feedback is possible
and where learners generally have a higher attention rate. It is an unlikely candidate for once-off train-
ings, as the initial development investment can rarely be recovered. It is not suitable when a fast re-
sponse to a new training need is called for.

4.2. Virtual Reality based training

Gamification of teaching using video game technology has attracted a lot of attention. Virtual Reality
is seen as a key technology for (maritime) training, and this has been reflected in various COMPIT
papers, Doig and Kaeding (2007), Katzky (2014), Venter and Juricic (2014), MacKinnon et al. (2016).
Virtual Reality is not only fascinating and fun; it is indeed also a powerful tool for training, especially
when it comes to visual assessment and human interaction, e.g. judging when to initiate action in ma-
neuvering, crane operation, etc.
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However, the price of developing Virtual Reality-based training is high. Creating virtual worlds has
become easier, faster and cheaper, but it is still far from being easy, fast and cheap. Models need to
have the right level of detail, balancing realism and response time. Import/export from CAD systems
or other models (e.g. finite-element models) may save time, but in our experience is never as straight-
forward as hoped for or promised by vendors. Having a ship modelled over several decks, along with
equipment, interactivity, etc. may run into 5 or 6 digits of Euros. Such an investment needs either
subsidizing from R&D projects or a suitable mass market willing to pay premium fees for training,
such as firefighting. Often solutions have been developed for larger industries and are then adapted to
maritime applications, reducing the development effort.

DNV GL has developed a Virtual Reality-based training solution for ship inspections, called SuSi
(Survey Simulator), https://www.dnvgl.com/services/survey-simulator-for-ship-surveyor-training-in-
virtual-reality-shipmanager-survey-simulator-2173. SuSi provides realistic and cost-efficient 3D train-
ing software for survey inspections, using Virtual Reality technology and detailed models of ships and
offshore structures, Fig.3. The virtual inspection gets trainees exposed to deficiencies that would take
years for a surveyor to experience in real life. An inspection run can be recorded and discussed in a
debriefing with an experienced supervisor/trainer, pointing out oversights and errors by the trainee.

ig.3: Level of detail in SuSi (Virtual R

- B 4
eality based survey simulator)

SuSi offers a variety of interactive elements, such as a virtual camera, virtual smartphone with product
data information and access to DNV GL Rules, virtual spray to mark deficiencies, Fig.4, and obvious-
ly navigation control to explore the virtual ship or offshore platform.

69 fps Forepeak

< Ship knowledge Tl

Crbucr;ng Adtivate
(Shift/Ctrl)  Highlight (H)

Item name: Stringer
NPS Survey item: Ballast fore peak tank C(205-F) [652.1]
Certificates
Classification Certificate (CLCE)

Fig.4: Virtual Reality based training with DNV GL’s SuSi (Surveyor Simulator)
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Initially, the designers of the software envisioned trainees running the software from individual PCs
or laptops and exploring in parallel “their” ship in a rather self-centered learning approach. The user
interface was deemed to be so intuitive that - after minimal instruction - each trainee would embark on
his survey. But practice revealed that to be too optimistic. The user interface was intuitive for digital
natives, but “digital immigrants” struggled with the video gaming controls and navigational concepts
and got lost in the virtual world, often leading to frustration and missing the training goals. The solu-
tion has been to adopt a pragmatic approach where the trainer guides the class collectively through the
ship (with a single PC and a data projector) and trainees shout out when they spot a deficiency which
can then be discussed. Such a blended approach of classroom instruction and Virtual Reality tour may
be frustrating for the video game programmer, but achieves the training goal for all trainees. It also
requires fewer licenses and hardware. This approach has been very well received by participants from
industry across a wide range of nationalities (cultures), educational backgrounds, management levels
and age groups.

The lesson learnt in this case is that less is sometimes more. Never fall in love with technology, but
look first at the pedagogy. Also consider heterogeneity in trainees and possibly hardware and think
about possible hurdles.

4.3. Webinars

In our line of training, we often have to respond rapidly to new developments, e.g. new regulations
coming into force. Domain experts in the specific field of competence are scarce (say 1-2 key experts
in the company) and their time is in high demand. Customers need training quickly as e.g. non-
compliance may lead to costly detentions. Traditional classroom training and e-learning are not suited
to such requirements. We have found that webinars are an attractive addition to our toolbox of train-
ing solutions in this respect. DNV GL’s line of external webinars is called “smart-ups”,
https://www.dnvgl.com/maritime/maritime-academy/smart-ups.html.

In 2016, we delivered 10 smart-ups, reaching out to customers around the globe. We also used webi-
nars internally to support the training needs that came with new Rules of DNV GL (merging the rules
of the two Class societies) and training colleagues on new developments, such as our cyber-security
training or advances in performance monitoring with the ECO Insight solution.

Key lessons learnt were:

o Domain experts are generally neither communication experts nor webinar technology experts.
Raw material (PowerPoint) needs more or less extensive reworking for a webinar and deliv-
ery is similar to being on the radio: domain experts need technical support and possibly some
coaching on how to speak during a webinar.

e Domain experts are much more willing to take the time for a webinar than for the develop-
ment and wide-scale delivery of classroom training. Once made aware that the option exists,
we encountered general enthusiasm for this training solution.

e Webinars should be designed for maximum 20-30 minutes presentation time. Beyond that au-
dience attention cannot be maintained and the message is lost.

e Powerpoint slides used for webinars should have even less text than the classroom version
and rely much more on visual language to convey the message, Fig.5.

e After a maximum of 10 minutes speaking time, an interactive element (“poll” in the jargon of
webinar designers, Fig.6) should stimulate the audience to refocus on the topic. Otherwise the
temptation to multi-task (i.e. read incoming emails, etc.) becomes overwhelming for most
people.

e While recordings of webinars were offered after the event, the live versions were clearly more
attractive. Consequently webinars for a global audience need to be offered several times “live”
to cover different time zones. Extra resources then need to be allocated for the repeats.
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Poll 2: Which of the following came top of the list for MLC
LSE paint - sensitive to scouring deficiency areas in 20152

B) Food & catering

b) Accommodation

k) Record of seafarers’ daily hours of work and res
rers’ Emph t Agr

Sawe:Hydex

T Dl

Fig.5: Typical webinar slide Fig.6: “Polls” stimulate audience to think
5. Conclusions

Content is more important than transmission. Flashy e-learning portals do not substitute qualified
teachers. E-learning is particularly interesting for commodity subjects (English, business administra-
tion, mathematics, etc.). Webinars are often overlooked as a training solution, but offer more flexible
and cost-efficient options for global maritime training needs.

The private training market is expected to gain in importance with life-long learning in incremental
steps on latest industry developments. DNV GL’s Academy will continue to play an important role in
this regard.
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Appendix: Requirements for Naval Architects

The following is based on an ONR workshop on Future Warship Designers, Rusling (2005). In dis-
cussion between (mostly US American) representatives of industry and academia, the following items
were listed as guidelines for future curricula for naval architecture:

e Good base in naval architecture / engineering principles
- strength analyses, structural design and production
- hydrostatics / stability and ship design (rules, layout, estimation methods)
- hydrodynamics
- marine engineering
o Computer literate
- CAD proficiency seen as main gap
- Level of competence (hours spent with specific software) should be recorded
- Naval architecture is increasingly applied computer science and less mechanical en-
gineering
¢ Hands-on experience
- as worker and as engineer
- atsea/ at shipyard
e more specialized knowledge 7 more mathematics at post-grad level
e soft skills
- ability to study independently
- creative with feel for viability of solutions
- enthusiastic
- team capability
e management skills
- project management
- communication
- basic legal frameworks for contract / work laws
- motivation
e engineering English
- vocabulary (incl. mathematical expressions)
- technical / scientific communication in English
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Future of Shipbuilding and Shipping - A TechnologyVision

Volker Bertram (DNV GL), Hamburg/Germanyolker.bertram@dnvgl.com

Abstract

The paper discusses key trends in ship design,kshiging and ship operation and attempts to ex-
trapolate those trends into the future. While naggsels, high-speed and unconventional designs will
play a minor role in this overall shipping scenaribiey will remain to be key technology drivers.
With growing emphasis on fuel efficiency and lowssian solutions, we should see more wind as-
sisted technologies, propulsion improving deviegsl friction-reducing technology. This trend will
be enabled and supported by simulation-based de€itganer fuels, notably LNG, and condition-
based maintenance will lead to low-maintenance lamdcrew ships. Meanwhile, a proliferation of
sensors and increased satellite bandwidth will Amdntally change logistics. Virtual reality and
Augmented Reality will become key technologiesiésign, production and operation. The future is
smart and connected, not only for the technolojigsalso for the people driving the technology.

1. Introduction

In the 1970s book “Ships and Shipping of Tomorrday’'Schénknecht et al. (1973yonderful artistic
visions predicted a future of nuclear powered subma transporting crude oil, giant hydrofoils
bringing people around the world and streamlingdroarans carrying containers at speeds of up to
35 knots across the Atlantic. There have been &skother bold and fascinating visions for future
ships in the course of time, Fig.1. And while sgpnedictions have proven to be correct, at least in
some aspects, many more have been completely wrong.

Fig.1: Ships of the future over time: conveyor bedtding and unloading ro-ro ship, 1950s (top
left), transatlantic giant hydrofoil980s (top right), Luigi Colani design for fast caimter
ships, 1970s (bottom left), 2010 NYKigp@r ECO-ship 2030 (bottom right).
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When | was asked to speculate on ships and shipgitige future in 2016 for the Maritime Future
Summit, my first port of call (to borrow a maritinpdarase) was to browse through my bookshelf and
to search on the Internet. When you google forgshaf the future” you could be misled into believ-
ing that the world’s future fleet will be evenlyitied between cruise vessels and warships.

The truth is likely to be more down to earth, bugim fascinate just as much. In the following pages
| will draw on my own research and that of DNV Glonk, industry best practice (as documented in
assorted COMPIT papers) and the views of key eggerhopefully sketch a more realistic scenario
of maritime future. DNV GL'’s report “The future shipping”,Longva et al. (2014has been a key
resource in this endeavor.

2. Hardware - Ships of Tomorrow

Broadly speaking, ships of the future will evohagurally in line with economic trends and advancing
technologies becoming widely available.

2.1. Ship types and hull shape

“Air transporters” (navy ships, megayachts, ferrieslise vessels) often influence public opinion
about the appearance of future ships. Exoticfouths and hydrodynamic concepts, Fig.2 and Fig.3,
will remain the exemption and not the rule. Howewarch high-performance and unconventional
craft have an above-proportion impact on technglagghort, think of aerospace technology meeting
creative design. The world’s fleet is and will dooke to be much more mundane and pragmatic.
Shipping of the future will still mean mainly dryll, liquid bulk and general cargo. The long-term
economic and ecological pressure for energy eff@jewill inevitably lead to lower ship speeds. At
the same time, smarter design processes will lbgoaer requirements in realistic operational sce-
narios, i.e. variations of operational conditiospged, load) and ambient conditions (sea state) to
minimize yearly fuel consumption, as envisioned Higchkirch and Bertram (2012As a result,
bulbous bows are likely to decline on many shipd smme may even feature straight stems as seen in
DNV GL'’s concept studies, Green Dolphin (bulk caryj Fig.4, and ReVolt (container feeder), Fig.5.

Fig.2: Futristic SWATH design, Source: Sean Mc&art  Fig.3: Futuristic hydrofoil ferry
Design, Source: EMIT

: J#
B

et i

ReVolt

Fig.4: “Green Dolphin” bulk carrier design Fig.5eYRolt container feeder concept
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2.2. Materials

Most likely, ship hulls will continue to be made steel, simply because steel is cheap, strong and
easy to recycle. Better coatings and inspectiognaras will compensate for steel’'s main shortcom-
ing, namely, corrosion. More ductile steel alloyifl igad to more collision-resistant structuregeln
ligent condition monitoring schemes will providesthppropriate technologies to extend the average
life-span of steel structures while reducing (if agoiding completely) the risk of structural faiu

» Big Data: embedded monitoring systems and convealtisurveying schemes will generate
huge volumes of data across fleets of ships inicerand offshore platforms. Cross-
referencing this data will support future inteligeondition monitoring systems.

* Image Processing: image processing techniqueskatg to be used to automatically detect
and quantify paint defects, extent of corrosion aratks, for exampldylavi et al. (2012)
The progression of such defects will likely be megh@nd quantified through the use of im-
ages from different time periods. The availabibifycheap miniature cameras (as embedded
in mobile phones) is also likely to lead to wideesga installation and automatic surveying
schemes.

» Corrosion Prediction Schemes: using Atrtificial lhgence techniques, classical corrosion
prediction schemes will be improved, providing arenaccurate prediction of location, extent
and type of corrosiorDe Masi et al. (2016provide an example of pipelines.

» Simulation technology: using 3D ship product modeid fast finite-element modelling tech-
niques, the as-is condition of a ship will be cdpalf being simulated at any time, as envi-
sioned inWilken et al. (2011).

In summary, the life-span of ships will be extenddth 30 to 35 years likely to become the new
norm. Composites will be increasingly used for kégieed craft (HSC), super-structures for stability-
sensitive ships (like passenger ships or navaklgsand selected equipment and outfitting. However
due to strength and production considerationsusieof composites in the main hull will continue to
be limited to vessels up to approximately 100 ngieronly.

Fig.6: Composites based on renewables (left) artdirf@am (right), Source: wikipedia
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Metal foams (both aluminum and steel), Fig.6, offgleresting possibilities for ships, improving
weight-to-strength ratios, noise and vibration elstaristics as well as thermal insulation. In the f
ture, steel may well be combined with metal foamgive higher bending stiffness and lower weight
than solid steel constructions. A sandwich pangh wieel faces of 1 mm with a 14 mm metal foam
core has similar bending stiffness as a 10 mm sibkel plate, but with only 35% of the weight,
Longva et al. (2014)

Recycling of composites is an issue that also epplo automotive and aerospace applications,
Gramann et al. (2008 Most likely, the marine industry will follow gemnal trends and increasingly
deploy composites based on natural organic madefi#d).6, as alternatives to classical glass or car
bon fiber composites. Similar to the inventory akhrdous materials (IHM), the assorted materials in
a ship will be tracked from design to scrappingdte-to-grave) in product data management systems,
Gramann et al. (2007).

ig.: Na-oang o Fig.8: Underwater hull cleaninbot

Antifouling strategies (for energy efficiency reasdut also to prevent the spread of invasive spgci
have been based almost exclusively on antifoulbigc{de) coatings. The strategy is likely to shift
towards more sustainable technologhésbra (2016)including:

* Mechanically repellent surfaces — for example, rematings with microscopic surface struc-
tures, Fig.7, making adhesion difficult, similaraoti-graffiti coatings on houseSpse et al.
(2016).While the global properties of nano-coatings hiagen proven in many commercial
applications to ships by now, the fundamental hglgnamics are still subject to research, us-
ing model basins and CFD simulatiohliebles Atencio and Chernoray (2017)

* Frequent robot-based grooming — proactive groonfingnild cleaning) of ship hulls ad-
dresses both energy efficiency and the spreadvalive species. Autonomous underwater
cleaning robotshttp://auvac.org/community-information/communitywsgview/672 Ishii et
al. (2014),resemble lawn-mowing robots, Fig.8. While, thedsote have yet to become af-
fordable and widely available, they also need t@tpaipped with cognitive, cooperative ca-
pabilities. Progress in this area may benefit frefated work for robotic underwater surveys
or robotic marine rescue operatio@sletti et al. (2016)

» Ultra-sonic protection schemes — this is a complearg technology for regions that have
limited or difficult access (difficult coating aradeaning).

2.3. Fuels and machinery
The broader trend towards cleaner fuels combingl miver design speeds will affect maritime pro-

pulsion profoundly. LNG is expected to replace hefael oil (HFO) as a standard fu€hryssakis et
al. (2015).This will affect the whole machinery system. Diesegiines will no longer need separators
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and filters as the fuel itself is so clean. Asdars, we will see hybrid propulsion, combining castb
tion engines with electric drives, Fig.9.

With LNG as a fuel, today’s four-stroke diesel er@ggenerator sets as the standard option for auxili
ry power may be replaced by fuel cells and batergain, we will see a combination of technolo-
gies being deployed to maximize individual stresgtHighly efficient fuel cells will supply a con-
stant base load; batteries will supply power faorsterm peaks and fast reaction. Overall, cleaner
fuel and the more robust set-up of the engine réagether with smarter condition-based mainte-
nance schemes will reduce the workload of the endepartment.

OUNNNNRN/ WNMRNRNn
lll‘\\l“"'.l'll'

ZERQ Scand“nes

Fig.9: Zero-emission ferry design with fuel celtslebatteries, supplemented by Flettner rotors har-
nessing wind energyphde et al. (2013)

Nuclear power remains the wild card where any ptei remains highly speculative. The pressure
to reduce carbon footprint, especially in shippisghe main argument in favor. Liability issuesgp
sibly also for the flag state), a shortage of maengineers who are qualified in nuclear reacterap
tion and the general political climate (at presdntyards nuclear energy are the main arguments
against.

As previously stated, the quest for transport efficy (reducing fuel bill and emissions alike) will
favor lower ship speeds. Ships are likely to becoviger and shorter with propellers having fewer
blades. Propulsion improving devices (PIDs, alsovkm as energy saving devices, ESDs) may be-
come standard. There are various technical sokitesme dating back to the 197Qsylton (2012),
Bertram (2012)which may see a widespread renaissance:

» Asymmetric sterns may see wider adoption aftermati@ims expire.

» Pre-swirl fins (often combined with nozzles suchirathe popular Mewis duct for full hulls,
or twisted fins for slender hulls, Fig.10) can ttaehed to gain two to three percent.

» Contra-rotating propellers or vane wheels are Yikelplay a larger role as better design pro-
cedures and lubricants solve traditional issuek thiése devices.

» Costa bulbs or similar devices (for example, “tHénuate Rudder” of Nakashima Propellers,
Kajihama et al. (201§)may become standard, possibly combined with imgsthe rudder.

Air lubrication has enjoyed much attention over fiaest decaderhill (2016), progressing from fun-
damental studies to in-service installatioBgberschmidt et al. (2016). Aset general trends towards
lower speeds and wider ships play in favor of abrication technology, we can expect more such
installations in the years to conilberschmidt et al. (2016gport also that air lubrication keeps the
hull (bottom) free of fouling.
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Fig.11: Air lubrication system, source: Silverstrea
Source: Becker Marine

Low speed also helps the case of wind-assistedufwiop. At present, there are very few (< 10) full-
scale installations on cargo ships. However, irsireafuel prices and consolidation in the supply
industry may support a proliferation of professiosystems for harnessing wind energy for ships. In
this context, only robust and highly automated eyst make sense, for example, those based on
Flettner rotors, Fig.9:ggers (2016)pr employing kitesBehrel et al. (2016)In parallel, we see in-
creasingly sophisticated CFD simulations supportimgd technology for ships, e.¢kramer et al.
(2016).

Falling costs for sensors, computing power andlgateommunications make it a safe prediction that
ships of the future will be “smart”, i.e. they wilk equipped with various embedded data processing.
Sensors will become smaller, more robust and chiga@equire. As a result, they will be more wide-
ly distributed with redundancy built-in coupled kvibptions for intelligent sensor fusion. The visisen
having sensors literally “everywhere”, in the hufiain engine, auxiliary machinery and even small
equipment itemstienne and Romano (201&nd they will be smart. “Today’s mobile phones/da
the processing power of desktop computers 10 yagrsin 2020, mobile phones will have the power
of today’s PCs. Cheap and small distributed sensdriave the abilities of today’s mobile phones,
and so on,Longva et al. (2014)

3. Software — Design, Construction and Operation cfomorrow
3.1. Design

Progress in CAD (computer aided design) systemarsv3D product data models (PDMs) allows us
to not only perform a large variety of analyses aimulations, but also deliver photo-realistic wait
reality displays. The traditionally experience-tthship design has already moved considerably to-
wards simulation-based (a.k.a. first-principle)igesFig.12. The exchange of information between
different software and more intelligent pre-processhave dramatically cut down the time and cost
associated with running simulations. Cloud-computivith on-demand business schemes gives ad-
vanced simulation access to small and medium emdes for exampleHildebrandt and Reyer
(2015) Simulations are also getting more sophisticatétl imcreased detail represented in captured
geometry and more advanced physical models, fompbka Kohimoos and Bertram (2012), Peric
and Bertram (2012)

We see the scope of simulations expanding beyamdl#ssical stability, strength and hydrodynamics
simulations, for example, aerodynamics, fire, R3gjte-breaking, evacuation, manufacturing, energy
generation and consumption in the ship systems,Sgtstematic simulations may be used to derive
tailored “numerical series” or knowledge bases.sehsimulation-based knowledge bases provide
highly accurate estimates that are virtually instaaousHarries (2010), Couser et al. (2011)
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Fig.12: Complex simulations for ship design  Fig.13: Fire simulation in cruise ship theatre
Source: Siemens PLM

When human interaction is important, Virtual Rgalg a key technology. Virtual Reality uses 3D
models of the world with fly-through or walk-thradugapabilities, and typically some user interaction
VR applications in the maritime industry are predéting rapidly, e.g. for training, interior desjgn
Fig.14, familiarization in ships, operational adpefreachability, visibility) and surveying, Fig,15
Cabos and Wolf (2017onsiderable progress has been made by addihtimeaphysics, thanks to
“physics engines”, fast emulators of typical kin¢icg&and dynamics of objects. Progress in simula-
tions has been accompanied by similar advancessiraization techniques. In many cases, we can
analyze the time-dependent performance of a systgroto-realistic 3D simulations while the visu-
alization allows intuitive assessment, Fig.C8aves and Gaspar (2016)

NoSWB.T.(P)

Fig.14: Virtual Reality for interior design of a  Fig.15: Virtual Reality based surveyingabos
megayachtukas et al. (2015) and Wolf (2017)

Fig.16: Employing game technology allows rapid and
tuitive assessment of design perfocaadhaves ment, combining best-of-breed
and Gaspar (2016) softwaretlarries et al. (2015)
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Despite numerous attempts, no single monolithitasok program has emerged that is optimal for all
ship design tasks. Instead, coupling dedicatedvaoét packages is a better strategy than trying to
develop the “one code to solve all problemgqrais et al. (2016b)In short: cooperation beats inte-
gration. A “plug-and-play” culture is developing &ie software codes and companies learn to work
smoothly together to provide better or new solgioBest-of-breed solutions are being developed
across geographical and company boundaries, ugxigplé alliances and web-based technology, for
example Harries et al. (2015)Fig.17.

3.2. Construction

“Technologies such as 3D Laser Scanning, AugmeRteality, Enhanced Visual Communication,
Automation on the Shop Floor, Internet of Thingsatdfials Enhancements, Cloud Computing, 3D
Printing, and Generative Design are all rapidly iaying and more importantly, are set to converge
in a synergistic way, enabling an explosion of texbgy that will affect all industries includingigh
building,” Morais et al. (2016a)The 3D product data models created in designbeillpdated as the
ship is built and maintained over the ship’s lifeley “As-built” PDMs will be passed to owners for
asset managemerfthomson and Gordon (2016)long with simulation models to mimic the ship’s
behavior (in strength, hydrodynamics, energy charatics, etc.), “digital twins” in the computer
will support operation in normal business and emecy situations, Fig.1& udvigsen et al. (2016)
Affordable 3D scanning will be widely used, botbrfr the outside (for example, for more accurate
performance monitoring models) and the inside &obuilt/as-modified models), Fig.1dorais et al.
(2011) and software is evolving to convert such poitudls into CAD models for efficient further
processing, Fig.2@Bole (2014).

Fig.18: Digital Twins mimicking the behavior chatextstics are updated through the life-cycle of
the real asset reflecting changes a@rgnefficiency, strength, etc.

Fig.19: Laser scan of as-builtig.20: Fitting CAD curves to point clouBple (2014)
ship, Source: SSI
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In Augmented Reality, computers (for example, televerlay a live image with computer generated
information. For example, a building block may be@wn with a part to be installed, illustrating how
both fit together, Fig.21Kohei (2016) This makes assembly tasks very intuitive, redyievork time
and the likelihood of errors. A number of advansbibbuilding nations are active in Augmented
Reality applications for shipbuilding, egriedewald et al. (2015Helle et al. (2014)This technolo-
gy becomes truly powerful when used in combinatiath vision technologies (for example, marker
recognition), PDMs, positioning methods, hands-fageration technology (smart glasses), etc.,
Fig.22,Patterson and Webb (2016)

TN e - S— :
Fig.21: Augmented Reality in ship constructiorkig.22: Smart glasses will allow hands-free
source: Matsuo Kohei (NMRI) operation in assembly and operation,

Patterson and Webb (2016)

Industry 4.0 will also encompass shipyards andnhetime supply industry. The Internet of Things
will change (and accelerate) logistics, especitdlytime-critical and highly interconnected supply
networks,Borgia (2014), Etienne and Sayers (2016), Moraisle(2016a) Drones may be used to
deliver required parts to remote areas, such g shs demonstrated in 2016 by Maersk. However,
often, delivery will no longer be needed. InstedD, printing (a.k.a. additive manufacturing) may
generate required parts, mainly in the supply itrgusnd on shipsKoelman (2013), Bergsma et al.
(2016) Model basins explore the possibility of using giinting for models in towing tanks. Maersk
and the US Navy are reported to test 3D printingpafre parts on board their vessels.

3.3. Operation

General developments in ICT (information and comications technologies) will have a profound
effect on the shipping industry. Of course, ICToa# us to perform traditional tasks better (faster,
cheaper, or more accurately); but perhaps even imgrertantly, ICT opens the door for us to con-
sider completely new options. Computers and telesonications as such are not new to shipping.
The frequently quoted “revolution” that ICT shatirg to shipping, e.getienne and Romano (2016),
may also be seen as an accelerated evolution. Weitniess “more” of the same trends as in the past
decades: an increase in the exchange of data aredamlilaboration between stakeholders.

Assorted developments, not just in autonomous tdolgg, will make ships easier to operaBsr-
tram (2016) Condition-based maintenance systems may diagnesgual problems at an early stage
and support the fixing of the problem, e.g. by orte spare parts, preparing 3D printing or guiding
repair by ordinary persons without expert knowledgethe system, using Augmented Reality for
intuitive guidance. Along with reduced workloadthe engine room due to cleaner fuels, this will
allow further reductions in minimum crew sizes.

Many developments mirror trends in the automotiveustry: we have smart cars (automatic brake

systems if pedestrians are crossing; valet parldelfzmonitoring tire pressure; ability to driveten-
omously on highways, etc.) and we have driverless ¢most notably the Google driverless car,
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https://en.wikipedia.org/wiki/Waymo For ships, we will have low-crew smart shipstfinautomatic

collision avoidance, Fig.23; automatic berthindf-senitoring for hull, engine and cargo; ability t
sail autonomously for limited time in certain camaiis, etc.) and unmanned drones for specific appli
cations (for example, short-distance ferries, afshsupply vessels, Fig.24, tugs, Fig.25 and fire-
boats).

LISION AVOIDANCE
INITIATED

Fig.23: Automatic collision avoidance based on eefission and Artificial Intelligence as envisioned
in DNV GL'’s ReVolt concept study formanned shipping

Fig.24:” Hronn” unmanned offshore supplier, Fi'g.‘-25: “RAmora” unmanned tug,
source: Kongsberg source: Robert Allan Ltd.

Whether ships are operated locally or by remotdrobroperational decisions will be data drivery.e.
using AIS (Automatic Identification System, whicha satellite-based data exchange, allowing track-
ing of virtually all cargo ships) for ship routinf@ctoring in weather, traffic situation and poapeci-
ties. Combining (big) data, simulations and Artdidntelligence techniques will deliver businessla
logistics transparency with both economic and egiold benefits. The Internet of Things will play a
key role in this development.

However, with ICT becoming an indispensable parshipping, there are also new issues and con-
cerns. Cybersecurity will become a key concernh lfiot autonomous and manned shippiRgiter-

son and Barton (2017Cybersecurity awareness is already evident imthatime industry with at
least partial solutions on the horizon, €Rgidseth and Lee (201&hd DNV GL's cybersecurity rec-
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ommended practicehttps://www.dnvgl.com/maritime/dnvgl-rp-0496-recomnded-practice-cyber-
security-download.htmlThe technology on ships will largely follow thgbersecurity technology
employed for other large assets, such as powetsplaaffic control centers, etc.

4. Conclusions

Stand-alone techniques have already reached adeigiee of maturity and further progress is best
obtained by partnerships and an appropriate cortibimaf technologies and techniques, as illustrated
in the individual chapters. We see this trend ecwntig swiftly: simulation tools with Virtual Reajit
displays and Artificial Intelligence for user gurdz, Big Data using Artificial Intelligence to desi
trends for profiles used in formal optimization;.dh short, it is all about getting smart and cected
—as is the COMPIT conference.
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Abstract

The innovative system for “Simulation-Augmented Manoeuvring Design, Monitoring & Control”
(SAMMON), based on technology of Fast Time Simulation (FTS), has been developed in the Institute
for Innovative Ship Simulation and Maritime Systems (ISSIMS) and is fully implemented in the
Maritime Simulation Centre Warnemuende MSCW. The system is based on complex ship dynamic
models for simulating rudder, thruster or engine manoeuvres under different environmental condi-
tions. The advantage is that the trainee can immediately see the results of the actual rudder, engine or
thruster commands and he does not have to wait for the real time response of the vessel. For practical
application and testing, the new technology has been interfaced to the Simulators at World Maritime
University Malmoe and at the simulation centre of the cruise liner company AIDA Cruise in Rostock.
The CSMART Centre of Carnival Corporation at Almere /NL uses this technology as stand-alone
version to support more effective lecturing, briefing and debriefing processes in training. Samples
from the use of the SAMMON technology will be shown to demonstrate the potential of this techno-
logy for advanced manoeuvring education & training and for further application on board ships.

1. Description of the Concept for Using the Fast Time Simulation FTS
1.1. Need for Fast Time Simulation (FTS) and Simulation Support

Manoeuvring of ships is and will be a human centred process despite of expected further
technological developments. Most important elements of this process are the human itself and the
technical equipment to support its task. However, most of the work is still to be done manually
because even today almost no automation support is available neither for routine nor for complex
manoeuvres. Up to now there is no electronic tool to demonstrate manoeuvring characteristics
efficiently or moreover to design a manoeuvring plan effectively - even in briefing procedures for ship
handling training the potential manoeuvres will be “guessed” and drafted on paper or described by
sketches and short explanations. Impact of wind or current are taken into account on rather vague
estimations based on experiences.

However, due to the new demands there is a need to prepare harbour approaches with complete berth
plans specifically in companies with high safety standards like cruise liners. These plans are necessary
to agree on a concept within the bridge team and also for the discussion and briefing with the pilot.
The plan for the potential manoeuvres must be developed— but still in a contemplative way by
thinking ahead — only drafted on paper or described by self-made sketches and short explanations.
The plans are made by hand on paper charts or on a printout of electronic chart interface — by now
there is no tool available to provide support for manoeuvring planning yet.

Ship Handling Simulation for simulator training has a proven high effect for the qualification.
However, it is based on real time simulation, and i.e. 1 s calculation time by the computers represents
1 s manoeuvring time as in real world. This means despite all other advantages of full mission ship
handling simulation that collecting/gathering of manoeuvring experiences remains an utmost time
consuming process. For instance, a training session for a berthing manoeuvre might take one hour — if
the first attempt failed or an alternative strategy should be tried then the next session needs another
hour — this is not very effective.
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For increasing the effectiveness of training and also the safety and efficiency for manoeuvring real
ships the method of Fast Time Simulation will be used in future — Even with standard computers it
can be achieved to simulate in 1 second computing time a manoeuvre lasting about to 20 min using
innovative simulation methods. These Fast Time Simulation tools were initiated in research activities
of the Institute for Innovative Ship Simulation and Maritime System ISSIMS at the Maritime
Simulation Centre Warnemuende, which is a part of the Department of Maritime Studies of
Hochschule Wismar, University of Applied Sciences - Technology, Business & Design in Germany.
They have been further developed by the start-up company Innovative Ship Simulation and Maritime
Systems (ISSIMS GmbH, https://www.issims-gmbh.com).

1.2. Overview on the software modules for the Fast Time Simulation (FTS)
A brief overview is given for the modules of the FTS tools and its potential application:

SAMMON is the brand name of the innovative system for “Simulation Augmented Manoeuvring —
Design, Monitoring & Conning”, consisting of four software modules for Manoeuvring Design &
Planning, Monitoring & Conning with Multiple Dynamic Prediction and for Simulation & Trial:

e Manoeuvring Design & Planning Module: Design of Ships Manoeuvring Concepts as ‘“Manocu-
vring Plan” for Harbour Approach and Berthing Manoeuvres (steered by virtual handles on screen
by the mariner)

e Manoeuvring Monitoring & Conning Module with Multiple Dynamic Manoeuvring Prediction:
Monitoring of Ships Manoeuvres during Simulator Exercises or Manoeuvres on a Real Ship using
bridges handles, Display of Manoeuvring Plan and Predicted Manoeuvres in parallel; Calculation
of various prediction tracks for full ships dynamic Simulation and Simplified Path prediction as
Look Ahead for the future ships motion.

e Manoeuvring Simulation Trial & Training Module: Ship Handling Simulation on Laptop Display
to check and train the manoeuvring concept (providing the same functions as Monitoring tool;
steered by virtual handles on screen)

These modules are made for application both:

e in maritime education and training to support lecturing for ship handling to demonstrate and ex-
plain more easily manoeuvring technology details and to prepare more specifically manoeuvring
training in SHS environment, i.e. for developing manoeuvring plans in briefing sessions, to sup-
port manoeuvring during the exercise run and to help in debriefing sessions the analysis of replays
and discussions of quick demonstration of alternative manoeuvres and

e on-board to assist manoeuvring of real ships e.g. to prepare manoeuvring plans for challenging
harbour approaches with complex manoeuvres up to the final berthing / deberthing of ships, to as-
sist the steering by multiple prediction during the manoeuvring process and even to give support
for analysing the result and for on board training with the Simulation & Trial module.

SIMOPT is a Simulation Optimiser software module based on FTS for optimising Standard
Manoeuvres and modifying ship math model parameters both for simulator ships and FTS Simulation
Training Systems and for on board application of the SAMMON System.

SIMDAT is a software module for analysing simulation results both from simulations in SHS or
SIMOPT and from real ship trials: the data for manoeuvring characteristics can be automatically
retrieved and comfortable graphic tools are available for displaying, comparing and assessing the
results.

The SIMOPT and SIMDAT modules were described in Benedict et al. (2003), Schaub et al. (2015)

for tuning of simulator ship model parameters and also the modules for Multiple Dynamic Prediction
& Control, Benedict et al. (2006) for the on board use as steering assistance tool. In this paper, the
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focus will be laid on the potential of the SAMMON software for supporting the lecturing and briefing
/ debriefing process with elements specifically for simulator training for Advanced Ship Handling in
the Maritime Simulation & Training Centre MSTC of the AIDA Cruises Company at Rostock /
Germany.

2. Use of FTS for Lecturing and Familiarisation

2.1. Stopping Characteristics: Result diagram and its application for using the speed Vector as
Stopping Distance Indicator

One of the elements during the lectures in simulator training courses is the familiarisation with the
ship manoeuvring characteristics and its effective application — and Fast Time Simulation is a very
smart tool to do this in a short time and with high success. The following sample addresses the ships
stopping capability. Specifically for the samples in this paper the cruise ship “AIDAblu” is used; this
ship has the following dimensions: length Ly, = 244.60 m , beam B = 32.20 m, draft T = 7.00 m. She
has two pitch propellers and two rudders, two thrusters each at the bow and at the stern.

To get an overview about the ships stopping distances from several speeds and with various astern
power, some test trails could be done either with the Design & Planning tool, Fig.1, or with the
SIMOPT and SIMDAT program, Fig.2.

By means of the Planning tool, Fig.1, the ship can be set in the ENC window on an initial position
MPO where the initial speed can be adjusted using the handles in the right window. Then the ships is
moved by the slider at the bottom of the ENC window, e.g. to a position after 1 min and there the
MP1 is set. Then we use the handles to reverse the engine to EOT = -100% and we see immediately
how far ship proceeds maximally and where the stopping position is on the ENC window.

For application of this stopping behaviour during the voyage or in ports, it is helpful to visualise the
stopping distances in the ECDIS or RADAR. The SAMMON Monitoring tool allows for high-level
prediction of the ships track as result of a change of the EOT or any other handle position already
after 1 s, Fig.16. As long as such a sophisticated dynamic prediction tool is not available on the bridge
yet, it is helpful to use the speed vector as alternative.
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Fig.1: Display of the Manoeuvring Design & Planning Module: Two stopping manoeuvres for AIDA-
blu from different speed rates to Full Astern (EOT =-100%): Left: Crash stop from Full Ahead
(EOT = +100% for 22.2 kn) at MP1; Right: Stopping manoeuvre from Half Ahead (EOT =
+53% for 12.6 kn) at MP1
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The basic idea is to adjust the speed vectors’ length to the stopping distance: The required speed
vector length can be easily calculated from the well-known relation speed = distance /time, which can
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be changed to time = distance / speed. From this equation, we can calculate the Vector time tyector aS
tvector=Stopping distance / Starting speed. E.g. the Crash Stop Stopping Distance 1600 m from starting
speed 22.2 kn (11.4 m/s) gives twector= 1607 m / 12 m/s =140 s = 2:20 min. If we perform these
calculations for all stopping distances of the solid lines in Fig.2 we get the dotted graphs. The result is
that for all crash stop manoeuvres (blue line) with Full Astern the vector time is 2.5 minutes (blue
dotted line); this is to be seen in Fig.1 where the ship stops before to the end of the 3 min speed
vector. Therefore the conclusion might be: Setting the speed vector for tyecor = 3 min would give some
extra safety distance — it would even allow stopping the ship with Astern power of EOT = -30% only!

%] SIMOPT - Result Table of Simulation

File Display
Simulation Result:
obj_40_1042_34_ThruWind corr.dat
4 - Straight Track Crash Stop
Ship Simulation  Ship Speed Stopp - Stopp Reversing  Reversing Final Final Course Heading Drift Starting Vector
Number Run  Performance EngineOrder_TEngineOrder 2 way o /‘E‘;P time time speed RPM Pitch deviation  deviation Angle Speed Time
# [ LV Is] [m] o [s] [s] [kn] [1/min] [%] 1 1 1 [kn] [s]
1 21 369.1864 -1000 100 34.10 014 69.00 9.00 9.00 128 128 -66.703 -6.. 100.00 10 0.000 -0.000 0.000 128 51.60
1 22 127.0059 -1000 200 143.85 059 104.00 15.00 15.0.. 370 370 -90.045 -9._. 100.00 10 0.010 -0.000 0.010 373 7488
1 23 76.0076 -1000 300 287.17 1.18 130.00 2200 22.0.. 610 610 -90.119 -9.. 100.00 10.. 0.007 -0.000 0.008 6.24 89.48
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1 26 32.9929 -1000 600 965.31 3.96 216.00 4400 44.0.. 13.00 13.0.. -89.731 -8... 100.00 10... 0.009 -0.001 0.010 14.38 130.53
1 27 28.209 -1000 700 1078.64 442 216.00 51.00 51.0.. 1467 146.. -89.680 -8... 100.00 10 0.013 -0.001 0.014 16.81 12470
1 28 25.9185 -1000 800 1234.30 5.06 231.00 5500 55.0.. 1563 15.6.. -90.253 -9.. 100.00 10 0.006 -0.001 0.007 18.30 13111
1 29 23.378 -1000 900 1430.64 5.86 249.00 62.00 62.0.. 16.62 16.6.. -89.787 -8... 100.00 10... 0.028 -0.001 0.028 2029 137.08
1 30 21.3577 -1000 1000 1607.68 6.59 263.00 68.00 68.0.. 17.49 17.4.. -89.893 -8 100.00 10 0.025 -0.001 0.026 2221 140.72
1 31 369.1864 -300 100 3883 0.16 92.00 9.00 9.00 128 128 -41.448 -4 100.00 10 0.002 -0.000 0.002 128 5875
1 32 127.0059 -300 200 208.52 0.85 198.00 15.00 15.0.. 370 370 -41.589 -4.. 100.00 10.. 0.071 -0.000 0.071 373 108.54
1 33 76.0076 -300 300 453.76 1.86 280.00 22.00 220 6.10 610 -41.376 -4_. 100.00 10 0.017 -0.000 0.018 624 141.35
1 34 51.5396 -300 400 77172 316 350.00 2900 29.0.. 882 882 -41478 -4._. 100.00 10 0.014 -0.001 0.015 9.20 163.01
1 35 40.0725 -300 500 1103.51 452 406.00 37.00 37.0.. 11.03 11.0... -41.483 -4.. 100.00 10... 0.040 -0.001 0.041 11.84 181.23
1 36 32.9929 -300 600 135893 557 437.00 4400 44.0..13.00 13.0.. -41.586 4. 100.00 10 0.026 -0.001 0.027 14.38 183.75
1 a7 28209 -300 700 1557.25 6.38 455.00 51.00 51.0.. 1467 146.. -41.620 -4.. 100.00 10 0.023 -0.001 0.024 16.81 180.04
1 38 25.9185 -300 800 1712.83 7.02 470.00 55.00 55.0... 15.63 15.6.. -41.511 -4.. 100.00 10... 0.013 -0.001 0.014 18.30 181.94
1 39 23.376 -300 900 1908.58 782 488.00 62.00 62.0.. 16.62 16.6.. -41.344 -4 100.00 10 0.040 -0.001 0.041 2029 182.85
1 40 21.3577 -300 1000 208548 855 502.00 68.00 68.0.. 1749 174 -41.587 -4._. 100.00 10 0.045 -0.001 0.047 2221 18255
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Fig.2: Results of SIMOPT program for series of stopping manoeuvres for cruise ship AIDAblu
(Computing time 17 s): Top: Result table for several Ahead speed rates from EOT = 10 to
100 % and two Astern power variants with EOT = -100% and -30% (SIMDAT); Bottom:
Stopping diagram for distances (solid lines) and respective times for speed vector length
(dotted lines)
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2.2. Effect of rudders and thrusters on swept path and pivot point

For many situation specifically in narrow fairway and limited space the manoeuvring space and the
swept path is of utmost importance. Fig.3 shows that the swept path for turning manoeuvres with
rudder is much bigger than for thruster manoeuvres.
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Fig.3: Ship path during turning with rudders or thrusters with SAMMON Design & Planning tool in
forward motion EOT = +20% Ahead: Left: Turning with Rudder STB 15°, Thruster 0%, Right:
Turning with bow-Thruster 100% STB, Rudder 0°

If the turning is generated by means of rudder, it is producing a lift force like a wing of an airplane but
in the horizontal plane: the force is pointing outward to port side. Then a drift angle  sets in and now
the ship hull acts as a “wing” with lift force to starboard at the fore part of the ship; this force is
creating a so called “unstable moment” which tries to increase the drift angle. When therefore the
turning motion r develops, it causes centrifugal forces acting on the centre of gravity of ships and
hydrodynamic masses. Due to the rotation a damping force sets in, acting like a “curved profile” and
producing a moment in opposite direction to balance the unstable moment in the circular motion. It is
a similar effect as “counter rudder” to counteract the initial rudder moment plus the unstable moment
until an equilibrium is found in steady state turning on a circle.

The development of the Turning Circle Manoeuvre ends up in Steady State Conditions with an
equilibrium in balancing the Transverse Forces and Moments. If the ship starts turning with a bow
thruster, then a drift angle does not occur — it is not required (or even becomes negative in case the
thruster is to powerful!) to shift the ship “inward” from initial course because thruster force is
pointing inward. The drift angle and the rate of turn have an impact on the position of the pivot point
(PP); the PP is located where the crossflow speed (or the ships transverse motion respectively) is zero.

Where is its position and which effects are driving the PP position? In Fig.4 some examples are
shown for turning manoeuvres in ahead and astern motion and with rudder or thrusters. The following
conclusions can be drawn:

e PP position is flexible and depends directly on ships motion, i.e. the ratio between drift and turn-
ing. E.g. for turning circle its position is starting at mid ship for beginning of turn and moves for-
ward when the drift sets in; it remains in the fore part, on average 1/3 ship length behind the bow
for rudder manoeuvres and aft for bow thruster manoeuvres.

e Under wind impact there might already be a wind drift additionally to the drift due to the rudder
effect during turning, e.g. for turning under wind: the pivot point is far ahead when the turning
starts in comparison to the turning without wind

e Because its position changes, therefore the PP is not suitable as reference point for discussion of
acting forces — better use the Centre of Gravity for understanding dynamic effects!
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o For small drift angles, the PP is at mid ships and therefor only minimum manoeuvring space is
required, specifically as minimum swept path.
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Fig.4: Ship path and location of pivot point (left) and sample of swept path (right) during turning of
ship with rudders or thrusters with SIMOPT & SIMDAT: Forward motion Engine Ahead EOT =
+20%: Blue: Rudder 20°STB, no Thruster, Green: Bow Thruster 100% STB; Astern motion with En-
gine Astern EOT = -20%: Red: Rudder 20° STB, Brown: Stern Thruster 100% STB, Grey: Bow
Thruster -100% PT

-1000

More effects on ship handling characteristics explored by SAMMON can be seen for wind and current
in Benedict et al. (2016), for location and controlling of pivot point in Benedict (2016), and for
operation from the shore in Krueger et al. (2015).

2.3. Effect of split engines and rudders for twin screw — twin rudder ships

Many cruise ships and ferries have and twin screw — twin rudder systems. Normally these systems are
operated in synchronous mode for continuous operations during long voyage segments, but for
manoeuvres in ports, there are some advantages to split the engines and propellers to control them
separately. For stopping of ships, the distance can be reduced by split engine manoeuvres, as it can be
seen from Fig.5: Starting from the same speed with split engines shows a shorter distance for Full
Astern, because one engine is already running astern and therefore reversing times can be avoided.

For steering capability the split mode also reveals some advantages because the rudder inflow from
the ahead engine causes higher rudder forces to be used for course keeping (e.g. under strong wind)
than synchronised engines. In addition, the turning can be improved, Fig.6, where the following
conclusions can be drawn: From condition with split engines the turning circle is smaller to the side
where the prop is reversed, the ship reacts faster and reaches smaller circular motion radius. The
improvement of turning comes also from the stronger speed loss with split engines to that side, there-
fore the ratio of rudder forces to the hull forces is higher. However, if the ship is turning to the
opposite side the turning capability is reduced: This is why the ship needs a rudder angle PT -4.4° to
balance the ship already on straight track — that means the effective rudder change is nearly 40° when
turning to STB, but only 30° to PT side.
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Fig.5: Two different final situations after Full Astern to EOT = -100% from the same initial speed
of 11.4 kn with different initial EOT settings: Left: split engines STB +70%, PT -20%,
Rudder 1.7° - Result: Stopping distance = 0.35 nm, Right: sync engines, STB = PT = +48%j;
Rudder 0° - Result: Stopping distance = 0.41 nm
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Fig.6: Turning manoeuvres from In|t|al Speed 6. 2 kn Wlth constant speed rate on straight track to
demonstrate the difference between sync and split engines: Left: Standard turning manoeuvre
with full rudders 35°STB with standard sync engines from EOT 30% both STB and PT; Centre:
with full rudders 35°STB with split engines PT +63% ahead, STB -50% astern; Right: with full
rudders 35°PT with split engines PT +63% ahead, STB -50% astern

3. Use of fast time simulation for simulator Briefing

3.1 Task description — introduction, conventional Briefing and NEW CONCEPT

During the exercise briefing, the navigational officer is introduced into the harbour area, the starting
situation and the environmental conditions within this area on a conventional sea chart, Fig.7. The

objective is to bring the ship through the fairway channel of Rostock Port from North, to turn the
ships and heading back through the channel to berth the ship with Port Side at the Passenger Pier.
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Fig.7: Exercise area and environmental conditions in Port of Rostock for berthing scenario, divided
into two sections for planning the manoeuvres and completed by guessing for desired positions
as ship shapes only.

Prer IV

The respective harbour area is divided into manoeuvring sections, which are following a specific aim:

1. Section 1: ship speed should be reduced until she is ready to be turned, SOG should be around
3 kn to be prepared for section 2.

2. Section 2: the ship should be turned and adjusted to go back in the fairway on opposite course
to the final berth.

3. Section 32: the ship should be stopped and berthed.

In the conventional briefing, only these rough indications of the manoeuvring status can be used to
develop a potential strategy for berthing the ship. In conventional berth plans only ship contours are
used to be positioned in drawings with WORD or POWER POINT - The specific manoeuvres and
settings of engine rudder and thrusters cannot be discussed in detail because specific manoeuvring
characteristics can hardly be used for the specific situations. And real time simulation is too time
consuming. The fast time simulation allows for new methods for individual exercise preparation with
self-developed manoeuvring concepts:

o Drafting Manoeuvring Concept in more detail as Manoeuvring Plan with the Design and
Planning tool;

e Optimisation of the concept by several planning trials with that tool,

e Pre-Training with Trial and Training Tool to try out the concept with real time simulation on
a laptop
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3.2 Briefing by means of the “Manoeuvre Planning & Design Module”
3.2.1. Basic exercise with no wind and current

With the new fast time Simulation there is the chance for designing a Manoeuvre Plan as a detailed
strategy with the specific settings at distinguished positions called the Manoeuvring Points MP. Some
basic functions and interface displays for the Fast Time Simulation within the Design and Planning
Tool are shown in the next figures. Fig.8 explains the method in a sea chart environment represented
by an interface, which combines

¢ the electronic navigational chart ENC window (centre),

¢ the interface window for the steering panel of the ship (right) for adjusting the controls for the
selected manoeuvring point MP and the

¢ interface to display the status of the current actual ship manoeuvring controls (left) at the po-
sition of the next manoeuvring point MP which is indicated as ship shape in red colour in the
ENC.

In the following, the course of actions is described in a series of figures to make a full manoeuvring
plan by means of the control actions at the manoeuvring points MP — this will be done first for easy
conditions with no wind and current to explain the procedure of fast time planning: In Fig.8 the initial
position MP 0 is to be seen where the instructor has set the ship in the centre of the fairway. The ship
has already been moved by the slider at the ENC bottom to set the next manoeuvring point MP 1:
there the stopping manoeuvre is started with EOT -30%. The prediction already shows that the ship
would lose speed according to the handle positions.
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Fig.8: Fast time planning in sea chart: Initial ship position at MPO and prediction for the stopping
manoeuvre at MP1: The prediction already shows that the ship reduces speed to the set
handle positions.

In Fig.10 the ship is nearly stopped and turns by means of the thrusters — the contour is shifted to a
position where the thrusters are stopped and the engines speed up to return to the fairway with
opposite course. In Fig.11 the vessel is brought close to the berth and at MP5 the engines are reversed
to reduce speed and to stop the ships at a position parallel to the berth to be shifted by thrusters to the
pier from the next MP 6. Afterwards the plan needs a further MP in order to reduce the transversal
speed shortly before berthing.
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Fig.9: Final part of the manoeuvring plan: The vessel is brought into a position parallel to the berth
to be shifted by thrusters to the pier from the next MP6
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Fig.10: Ship position at MP2 and prediction for the turning manoeuvre: The prediction shows that
the ship is turning due to the set handle positions of Bow and Stern Thrusters with 80%.

3.2.2.  Advanced exercise with strong wind

The full potential of the fast time simulation can be seen for challenging weather conditions. In Fig.12
the scenario is now to be solved for 25 kn wind from 61°. The initial position is the same as in the
previous example but the first task for the trainee is to find the balance condition in the fairway: after
some attempts, a drift angle of about 16° and rudder angle 3° was adjusted and the ship contour was
shifted to the buys at the entrance of the fairway.
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to be shifted by thrusters to the pier from the next MP6
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The next manoeuvring segment is for stopping and turning in Fig.13: On the left side it can be seen,
that in case the ship would be plainly stopped here as in the previous exercise she would heavily
drifting with the wind. Therefore, the engines are split to support the turning by the STB engine while
the PT engine goes astern. In the final part of the manoeuvre, the crucial segments are difficult
because of the strong wind on the return track on opposite course: in Fig.14 the ship enters the fairway
now from south and because of the strong wind from the bow there is a need to adjust heading, course
and rudder. It is advantageous to split the engines because the rudder is more effective when one
engine goes with more power. In addition, the ship is better prepared to stop because one engine is
already going astern and does not need additional reversing time. On the right side of the figure, the
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stopping manoeuvre is to bring the ship into a position parallel to the berth. In Fig.15 the thrusters and
rudders are used with full power to counteract the wind effect for the final berthing, the approaching
speed of the drift motion towards the pier is below 0.8 kn (for 30 kn it would be over 1.5 kn).
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Fig.14: Continuing the manoeuvring plan on the return track on opposite course: Left: the ship enters
the fairway now from south and adjust heading, course and rudder with split engines; Right:
stopping manoeuvre to bring the ship into a position parallel to the berth

3.3 Briefing by means of the ,,Manoeuvre trial & TRAINING MODULE*

The Trail & Training Tool is a desktop simulation tool for real time manoeuvring simulation, Fig.14.
It contains conning information together with the prediction and it can display the planned manoeu-
vring track. The centre window shows the ENC together with motion parameter for longitudinal and
transverse speed. The ships position is displayed as ship contour where also the track prediction can
be indicated as curved track or chain of contours for the selected prediction time. The prediction
parameters as range or interval of presentation can be set in the control window at the left side.
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In Fig.14 the scenario under wind is shown, the ship is just entering the turning area and starts to turn.
The table on top of the ENC shows the manoeuvre control settings from the planning and the planned
track is shown in blue colour.

4. Execution of exercise and debriefing with fast time simulation

4.1 Use of Simulation augmented support with SAMMON monitoring Tool in Ship Handling
simulator

There are several ways to support the execution and debriefing by the FTS. The support during
Execution of Exercise is_depending on the degree on what the trainee is allowed to use the new
manoeuvring prediction technology during the exercise run.

e On a low level the multiple dynamic prediction may be used to gradually let the student know on
his potential options for using the controls as a means for good visualisation of quality of ma-
noeuvres — this is only to support the learning process specifically as long as the new technology
is not available on the conventional ships

e On the highest level the trainees can make full use of the dynamic prediction and the prepared
manoeuvring plan as underlying concept to achieve the best fit with the plan and the exercise re-
sult. The full use of the prediction is increasing safety & effectiveness even for advanced trainees

e For instructors (and peer students) multiple dynamic predictions are always a great help because
the chances for success of a trainee’s action can immediately be seen or the exercise could be
stopped earlier if it is obvious that the trainee will fail.

In debriefing the fast time tools allow for an in-depth assessment of quality of manoeuvring results:

o Assessment of results by comparison with trainees own concept or optimised plan can be shown
in the replay function of the Monitoring Tool which can be used with Multiple Prediction func-
tionality; or more in detail within the SIMDAT tool where the time history of the trainees action
can be shown graphically e.g. for rudder, thruster and engine activities

o Discussion of alternative manoeuvres at specific selected situations can be supported by the De-
sign & Planning tool by loading any specific situation during the exercise run and to operate the
manoeuvring handles differently.

During the exercise, it is possible to take advantage from the Multiple Prediction for the manoeuvres.
In Fig.17 the setup is to be seen where the instructor or bring their laptop onto the simulator bridge
(where the manoeuvring plan might have been developed), the prediction is controlled via the bridge
handles. The same laptop with the Monitoring tool can also be placed at the instructor station.

Fig.17: Using Multiple Prediction in Simulator Training at MSTC of AIDA Cruises Rostock. Left:
Portable Setup for Prediction Display in Monitoring Tool on Trainees Laptop on Bridge -
the prediction is controlled by the Bridge Handle via WLAN. Right: Prediction Display in
Debriefing session (left screen): The dynamic prediction can be used even during Fast
Replay to complement the simulator instructor display (right screen)
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The benefit of using the FTS is to be seen for several purposes:

e The multiple dynamic predictions shown on the instructors screen are always a great help for
instructors and maybe also for peer students looking over their shoulders to learn from the ac-
tions of the other trainees in charge on the bridge. They have a better overview on the current
situation and the chances for the potential success of a trainee’s action can immediately be
seen; the exercise could be stopped earlier if it is obvious that the trainee will fail.

e Multiple dynamic prediction may be used to gradually let the student know on his potential
options for using the controls as a means for good visualisation of the quality of manoeuvres
— this is to support the learning process specifically as long as the new technology is not
available on the conventional ships.

o If the trainees are allowed to make full use of the dynamic prediction and also the prepared
manoeuvring plan as underlying concept they achieve the best fit with the plan and the exer-
cise result. The full use of the prediction is increasing safety & effectiveness even for ad-
vanced trainees and can support to find out the best performance.

4.2 Debriefing of Exercise and Comparison of results with Manoeuvring plan

Several methods of comparison exist for the debriefing after the training by using FTS software.
Whilst in the Ship Handling Simulator (SHS) there is the possibility to additionally record the training
session using the ,,Monitoring & Manoeuvring Module®, there’s a correspondent option to save the
training and planning procedure in the ,,Trial & Training™ as well as in the ,,Manoeuvre Design &
Planning Modules®. All of the files from the planning and from the execution can be shown together
in form of the ship track as well as in diagrams from several parameters over the whole manoeuvring
time in the SIMDAT program. The following figures show some possible methods to display the
results.

Fig.18 compares simulator results of the trainees with different level of preparation. The achievements
of the better prepared trainee are obvious — the planned manoeuvre is very close to the executed track
and the actions of the controls were nearly in accordance with the planned procedures. There is not
just a reduction of manoeuvring time when applying the Fast Time Simulation tool in briefing and
training; the thruster diagrams show also that a well prepared manoeuvre can minimize the use of
propulsion units and therefore be more efficient. The great advantage of the Fast Time Simulation is
the opportunity to discuss alternatives of manoeuvres and also effects and strategies for different
environmental conditions, which might affect the ship unexpectedly at critical positions.

5. Conclusions / Outlook

Fast Time Manoeuvring simulation has proven its benefits for both lecturing and training for
improving ship handling knowledge and skills. For the future, the great potential will be investigated
to be involved into the real ship operation on-board. The majority of the participants in the ship
handling courses expressed their opinion that the Design & Planning Module could be used for
preparing berth plan on the ships. There is a high potential for optimisation to reduce manoeuvring
time and fuel consumptions /emissions. It is also possible to use the potential of FTS for various
analyses (e.g. fairway layout, accidents) to find measures to make shipping safer.
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Abstract

With growing advances in technology and the everyday dependence on oceans for resources, the role
of unmanned marine vehicles has increased many a fold. Extensive operations having naval, civil and
scientific applications are being undertaken and demands are being placed on them to increase their
flexibility and adaptability. A key factor for such vehicles is the requirement for them to possess a
path planning subsystem. Most path planning techniques are implemented in sdf-smulated
environments. This study accounts for the use of artificial potential field in path planning of an
autonomous surface vehicle (ASV) in a real time marine environment. Path cost, path length and
computational time are described to ensure the effectiveness of the motion planning.

1. Introduction

Advanced electronic navigation has become an aosalble guide to navigate marine vehicles around
the globe. A detailed classification of marine wids can be found in Fig.1. ASVs are marine

vehicles having small displacement of less thamrinés. An ASV has several applications from

ocean surveying to military intelligence gatherimgich lead to the requirement of safe navigation

through obstacles of various shapes and dimenssoeh as boat, shoreline and docks. These
applications require reactive computation of théhfeased on the rapidly changing conditions.

| Marine Vehicles |

Surface Vehicles | | Semi-/Submersible Vehicles | Submersible Vehicles

—| Ships | 4' Submarines | —| Autonomous Underwater Vehicles |

—| Autonomous Surface Vehicles | —| Platforms | —| Remotely Operated Vehicles |

—| Autonomous Underwater Glider |
Fig.1: Classification of marine vehiclds, Hawary (2008)

A variety of approaches have been developed antiedpip marine navigation in recent years. In
ASV navigation, there are two kinds of path plagnepproaches adopted, namely, reactive and
deliberative. Reactive approaches are used whexeettvironment is partially unknown while
deliberative approaches are used where the manmndroament is completely known. The
classification of reactive and deliberative apphmsccan be seen in Fig.2. In this paper, an dffast
been to use a reactive approach, namely, an @tifiotential field (APF) approach in the path
planning of an ASV in a practical marine environmdie main scholarly outcome of this study is to
understand the effectiveness of the performancea akactive approach in a practical marine
environment in terms of path length, path cost emhputational time. Until now, such approaches
have been tested in self-simulated environmens $hidy makes an effort in direction of developing
a reliable path planner which can cope with reaétconstraints of an ASV.

48



Path Planning for ASV

|
[ |

Deliberative Approach Reactive Approach
1

I ]
Evolutionary Method Grid Based/Heuristic Method

——! Atificial Potential Field (APF) |

Escape Force Algorithm |

_l Genetic Algorithm | A*/lterative Deepening A* Trap Recovery Model |
(IDA)/Lifelong Planning A* Adaptive Virtual Target ]

Particle Swarm Optimisation |
_| article Swarm Optimisation | Dynamic A*(D*)/ D*Lite | __{ Collision Cone Conoept |
—| Ant Colony Optimisation |

Heuristic Anytime Algorithm- -
Anytime Repairing A* (ARA*) —I Velocity Obstacle Approach I
and Anytime Dynamic A*(AD") —| Vector Field Histogram |

Fig.2: Path planning approaches for an ASV

The plan of the paper is as follows. Section onvegian introduction to the ASV path planning and
the major outcome of the present study is outlirgettion two gives an overview of the literature
pertaining to APFs in path planning of mobile andrime robots. Section three provides a brief
overview of the APF and discussion pertaining $oajpplicability within the stated problem of ASV

path planning. Section four presents the resultshef ASV navigation using an APF approach.
Conclusions and future work of the study are priegkim the final section.

2. Literature Review

In robotics, various reactive approaches such désida Cone ConceptChakravarthy and Ghose
(1998), Velocity Obstacle Approaclriorini and Shiller (1998), Vector Field HistogranBorenstein
and Koren (1991), and APF Khatib (1986), have been proposed. As most of the robotics proli$
real time, the need to have a very fast and simq@&on planner is evident. The simplicity enables
fast development and deployment of a robot, whetlgagomputationally inexpensive nature allows
the algorithm to be implemented in robots with minim sensing capabilities. APF is one of the
simplest methods, and the method is capable ohaatously moving a robot in realistic obstacle
framework.

After APF was introduced bi¢hatib (1986), many researchers have attempted to improve the AP
which suffers from trap situation in local minimascillations in narrow passage and goals non-
reachable with obstacles nearby (GNROKpren and Borenstein (1991). Ge and Cui (2002)
included velocity terms for target and obstaclethiwi APF to compute potential to correct the
problem of GNRONBaxter et al. (2007,2009) used APF for multiple robots in order to corrdet t
sensor errorsTu and Baltes (2006) used a fuzzy approach within APF to solve the lgmbof
oscillations within narrow passageahimi et al. (2009) used the concept of fluid dynamics within
APF to correct the issue of a trapped situatioilegal minima.

Until now in the literature, very few studies asated with the path planning of ASV have made use
of the APF in a practical marine environment. Mobthese studies have been conducted in self-
simulated environment. The present paper makedfart to understand the effectiveness of APF in

path planning of ASV in a practical marine enviramh

3. APF: Concept and M ethodology
APF solves the problem assuming all obstacles amuece of repulsive potential, with the potential
inversely proportional to the distance of a robainf the obstacle while the goal attracts it by

applying an attractive potentidkala (2016). The derivative of the potential gives the valdehs
virtual force applied on the robot, based on itsvement,Kala (2016). The motion is completely
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reactive in nature. A schematic of the APF is showfig.3.
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Fig.3: Schematic of the APF

3.1 Attractive Potential

The attractive potential is applied by a singlelgoadirect the robot towards itself. The attraetiv
potential is directly proportional to the distardmtween the current position of the robot and thed.g
This causes the potential to tend to zero as thet rmpproaches the goal and hence it slows dowtn as
approaches the goaK#@la (2016)). The potential in this study is taken as, quadrabtential,
represented in Eq. (1)

1 2
Us (%) = S ke [x= G (1)
wherex is the current position of the robot a@ds the goal|.| is the Euclidean distance function

andka is the proportionality constant, whereas the deggrégken as 2.

The driving force is a vector whose magnitude isasoeed through the derivative of the potential
function and direction as the line which maximies change in potential, which is given by Eq. (2)

Fae (%) = 0U  (X) = kg [ X =G| u(x-G)

x-G
=k, ||x—G||ﬁ @

=k, (x-G)

u() is the unit vector.

3.2 Repulsive Potential

The repulsive potential is applied by obstaclesciwhiepel the robot coming close and repelling it to

avoid collision. The potential is inversely proponial to the distance so that potential tends fiaity
if robot comes near obstacle leading to repulsipstacles at a certain distarieare considered in

modeling the potentiaKala (2016).

The repulsive potential is given by Eq. (3).
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Where x is the current distance of the robot ani the position of the obstacld. || is the Euclidian
distance function ankle is the proportionality constant, whereas the degrésken as 2.

The repulsive force is given by Eqg. (4), which idegivative of the repulsive potential

_ _ 1 1 3
Frep(x)_DUrep(X)_ krep(”X 0” J” —O” ( 0)
_ 1 1) 1 (x-0)
«,, 4)
e (nx o d Jnx off Ix=al

__ 1 (x-0)
k@(nx o d Jnx of

where,u() is the unit vector.
3.3 Resultant Potential

The resultant potential is given by sum of attractand repulsive potential. This final force is
henceforth, the derivative of the resultant potniihis is given in Eqg. (5).

U=uU,+U,

5
F=0U =00, +0U, =F, +F. ®)

3.4 Methodology

In the present study, APF is used for ASV navigatwathin a practical marine environment i.e.
Portsmouth Harbour having a start and goal poishasvn in Fig.4.

001°08"18" W 001°07'14" W 001°06'19" W
50°47'07.2" W(Latitude) 4
001°06'27.5" W (Longitude) g 4707"
) b
£ ’

. "o EldPoint
50°48'17.8" W(Lat%de )

001°06'67.8" W (Lonhgitude)
¢

Fig.4: Simulation area- Portsmouth Harbc!Bonge Maps
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A binary map of 800 x 800 pixel grid resolutiongh, is taken into account with a ASV available
from Plymouth University name&pringer, being considered in terms of kinematic constréimtshe
purpose of path planning. Parameters used in APgdih planning o§oringer are shown in Table 1.
Soringer is shown in Fig.6.
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Fig.5: Binary map of the simulation area (1 Pixél.6 m)

0

o

Table I: Parameters used in APF for path planningpaonger

Parameters Values
Attractive Potential Scaling Factded) 300000
Repulsive Potential Scaling Fact@ref) 300000
ASV Size 4 m (Length); 2.3 m (Breadth) [Size §fring-
er]
ASV Speed 4 m/s [Maximum speed @&pringer]
Safety Distance from Obstacles)( 30 pixels
Maximum Turn Rate 10 pi/180°
Initial Heading of ASV -pil2

Fig.6: TheSpringer ASV
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4, Results

Evaluation of the APF performance for ASV path plag in terms of path length, path cost and
computational time is described in Table Il. Sintigla records movement sequences of the ASV
within map. Fig.7 shows the sequence of ASV mofiom start to goal point at different time of the
motion. The overall trajectory shows that such atgm is efficient in generating safe path for ASV
in a practical marine environment.

P

t = Os (@Start Point)

o

t=90s

»

t = 186s (@End Point)

Fig.7: Sequence of ASV motion from start to enchpoi

Table Il shows that ASV is able to find a safedcépry of length 3075 m within 32.608 s which
means, less than 1 s is required by ASV to finath pf 1m. Thus a that real time implementation of
such algorithm is possible within a practical mari@nvironment. Since the APF is a parameter
dependent algorithm, there is a need to find reghtof parameters for different case scenarios.
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Table II: Performance of APF ®ringer navigation

Parameters Value
Path Length 3.075 Km
Path Cost (1 Pixel = £20)854.315 Pixels
CPU Time 32.608 s

5. Conclusions and futurewor k

The paper introduced and discussed APF algorithmARBV path planning in a practical marine

environment. The algorithm is found robust in termf computational time and real time

implementation in a static environment and canxtergled in a dynamic environment. Furthermore,
international collision avoidance regulation COLREGan be incorporated within the algorithm to
make it suitable for maritime manoeuvring.

APF and its several variants have been widely implged in path planning of mobile robotics for
safe navigation. Although, conventional APF is mrdo several disadvantages but recent variants of
APF take care of those infelicities. For future kyothis can be extended towards navigation of
multiple ASVs. This will help in increasing autongnof ASVs, which is the goal of the future
research in ASV navigation.
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Abstract

Technology is changing the way of transportatiohug, the development of new safety-critical

driving systems increases the complexity of tesflingfacilitate these efforts, suitable engineering

and safety/risk assessment methods are required. mhritime physical testbed LABSKAUS

implements components such as a research vessefrdafrastructure and a reference waterway.

This paper describes methods to support the dewedop of new e-Navigation technologies by

verification and validation. It gives an overview dhe requirements based on the conceptual
architecture for driving and reflects current mamie testbeds. Concepts and components of
LABSKAUS are presented and evaluated by testihg@edased bridge.

1. Introduction

Maritime research facilities and industries starte/eloping highly automated and autonomous
maritime systems (e. g. autopilots) to provide sohs for the present and future challenges to make
seafaring more efficient, safer and sustainableeBan upcoming technologies or strategies for an
optimized information exchange between ship andeshe well as a safe voyage from berth to berth,
the (civil) maritime transportation sector facesn@e of change to meet the increasing demandseof th
global logistic processes. For exampMd\ (2012)reports that more than 75% of all worldwide
maritime accidents are caused by human factor. Mexhe safety argumentation, governmental
sustainability plans such as the Paris Agreemdabksh universal bindings for a global climateldea
to reduce emissiondittp://ec.europa.eu/clima/policies/internationalfotgations/paris_enThere is
evidence of a trend towards developing high autethaessel assistance systems with an outlook for
the future describing autonomous seafaring to a&ehithese aims of increased safety and
environmental sustainability.

As seen from a technical perspective, the develapwfeautomation technology for shipping (as well
as other transportation types) involves variougigimies. Components such as sensors, actuators,
software and the communication infrastructure tetdgies form a maritime cyber-physical system
(mCPS) that is necessary to enable the developaidrighly automated and autonomous shipping.
While autonomous shipping may affect (human) ereord critical situations, it is a safety-critical
issue and needs to follow overarching functiondetyarelated rules. Understanding maritime
transportation as a sociotechnical (human and maghsystem allows the usage of system-
engineering methods. There is the need for a hotissting approach to consider the sociotechnical
system in its environment containing technologycpsses, human factors and regulations. Today’s
certification tests verify functional propertiescacding to conformance standards (e.g. the range of
navigational lights, correct data by AIS systenmisTdoes not last for intelligent assistance system
which must evaluate complex situations.

The development of safety-critical systems suchighly-automated and autonomous vessel brings
the need to establish a test environment (or ‘teB}lrlose to the real world in addition to simivat
test environments. New systems can be tested inlaiions. Simulators enable the replication of
real-life conditions for systems like bridge simola such as the Korean in Mokpo or big scaled
environment planning/control algorithms like the rifiene Traffic Simulator, Hahn (2015)
Nevertheless, a prototype must be validated regardis functionality within a real physical
environment to prove the concept for real-life @&ggglons. For the evaluation of intelligent assis&
systems, a testbed can provide complex maritim@atsiins to analyse the behaviour of the whole
system “vessel” considering the components andystdrss.
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2. Architecture of Highly Automated and AutonomousVessels

In the automotive domain, research consideringatitemation of driving functions has been present
since decades. Thus, since 1982 a model desctiténgspects of the driver vehicle system has been
developed and is described in the following as daption for the maritime domain. Fig.1 illustrates
the three-layered approach to model driver tasks$ builds the basis for highly automated and
autonomous driving systems. Despite differencat@imaritime domain and the automotive domain
such as the criticality of systems or the commuivoainfrastructure, there are common characteris-
tics and the architecture for a cooperative trariafion system is similar. In the maritime domaan,
common understanding on the architecture of drivitogs not exist. By using the three-layered
approach in Fig.1, which is widely accepted indléomotive domain, there is an adaption possibility
for the maritime domain. On this basis, the premgntork uses the approach and describes a
maritime testbed supporting the test of systemsigirey functionality on the different levels.

Alternative routes

Route Waterway
I Network

Selected route,
temporal sequence

Intervals of safe set values

Navigational
Space

Traffic
I

Selected set values:
set trajectory, set speed

Vessel Dynamics Hydrodynamic
(6DoF) Environment

Control

Actual trajectory, actual speed

Fig.1: Three-layered approach for driving a vessel

At the highest layer, there is a route componeat tbalises finding and modifying routes based on
the waterway network regarding different aspects tletermine a good, better or the best route.
Going down the three-layered approach, the cutreffic situation and limitations such as tide are
focused. For this purpose, intervals of safe sketegaare given to the traffic component to reat¢h&o
current navigational situation. The lowest layguresents the direct reaction on deviations from the
expected state based on the driving surface, thegcurrent trajectory or speed. A testbed for V+V
must address the following layers of driving a ebs$&ig.1, to support the testing: navigation,
guidance and control. Therefore, the testbed muisg ldata of the environment necessary for the
particular layer. For the navigation layer, thelied must provide data and information relatedhéo t
waterway network, e. g. sea lanes or water deptle. Juidance layer requires data on the current
traffic situation, such as vessels in vicinity avigational space. The lowest control layer sends
commands to the vessel and therefore needs inflamai the driving surface (water current, waves)
to set values such as speed or rudder ahigign et al. (2016)

Beside these functional aspects on steering a ly@sstnical aspects that have impact on highly
automated and autonomous maritime transportatied h@ be regarded when designing the testbed.
Simplified, in the context of these CPS, there iacoming sensor data that are processed by the
system under test and commands that are sent tactbators. This shortened perspective is also
characterised by the components (boxes) and intam#ows (arrows) in Fig.1. In order to create a
highly automated and autonomous vessel, desigrsidasi regarding sensor data fusion, vessel
control algorithms and restrictions of communicatiechnology must be addressed. Various sensors
such as radio detection and ranging (RADAR), Auttieridentification System (AIS), light detection
and ranging (LIDAR) or visual cameras deliver theveillance information on the environment of a
vessel. Sensors such as Global Positioning Sysg#%) and Inertial Measurement Unit (IMU) are
involved for example to increase the reliabilityaofessel’s position. For example, the creatioa of
map with static and dynamic content as well agptiegliction of traffic and weather information is a
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prior function for highly automated/autonomous essand therefore the testbed needs to support
this by providing data of the environmebBiNV GL (2015) Raw data of the sensors described before
need to be analysed by components of the automsygiem based on the layers of Fig.1 to react to a
given situation in an automated way. Thereforeséhgensors cannot be interpreted in an isolated way
but need intelligent data fusion mechanisms to terédhe perception that a human being has
semantically interpreted by his senses in the pastan be seen in Fig.1, a main requirement #@r th
testbed is to provide the needed data of the emviemt according to the layer of driving.

For autonomous shipping, an additional challengingumstance is the communication infrastructure
connecting ship and shore. While reliable and arele- broadband for automotive is not such a big
deal, much ocean-based areas are not coverediimsid communication infrastructukégnhn et al.
(2016) Driven by the industry, Inmarsat started theiatite called Global Xpress that will deliver
globally available, reliable and seamless high-dpbmadband and therefore build the basis for
internet-based navigatioMO (2014) This step enables the global IP-based communitatf
distributed CPS. A continuously surveillance of #adf-driving ship from a shore-based station is
mandatory. Changes in route and course must bedhidevertheless, a stable communication link
during a voyage berth-to-berth cannot be guaranteedin all international waters with the existing
communication infrastructure on board, ashore aadatellite, not even with reduced payload. Thus,
safety mechanisms should be established that camsd to go in a safe state in the case of an
absence of the connection. These safety mechargams possibly an emergency stop button or
directly remotely control of the vessel based omtla@r communication link, e. g. very high
frequency (VHF).

3. Maritime Testbeds

A testbed is an environment in which systems carevmuated using test methods in realistic
simulative and/or real physical scenario. The itfiedt test cases in the form of scenarios are sedli
with the help of a testbed and the results of tluégtypes’ behaviour analysefrolia et al. (2011)
The testbed enables the observation of a systefettested in a controlled environment. The
environment is influenced by various inputs andsisl conditions, whereupon objects are observed,
investigated and adaptedkyildiz et al. (2008) The International Association of Marine Aids to
Navigation and Lighthouse Authorities (IALA), whidéh particularly known for the standardisation of
sea marks, provides an overview of existing maadtimstbeds, a definition of the testbed term and
considerations when planning a testl#th://www.iala-aism.org/products-projects/e-navigma/test-
bedsprojects/in this domain-specific context, a testbed imsag a controllable infrastructure for the
testing of development projects. It is characteribgy the attributes of precise, transparent and
repeatable. A testbed should not be limited omictstl by special architectures, data structures or
existing processes and should involve the actorthénplanning, execution and assessment of the
testbed.

Maritime Testbeds are used for the V+V of protog/fr the automation of vessels. Therefore, many
maritime projects have developed physical testhiadsea areas for the evaluation of specific
technologies, e.g. the North Sea (ACCSEAS), B&l&a (EfficienSea, MonalLisa), Adriatic (ARIAD-
NA), lonian Sea (IONO), straits of Malacca (SESAMEaits) and Japan (SSAP). Ashn (2015)
stated, these testbeds are specialised to indivickeacases. Most of them want to improve planning
and coordination of ship movements as well as aggdhe safety on sea by implementing a specific
e-Navigation scenario. From our perspective, d&&esshould be designed for general use and not be
limited to a specific use case. Referring to thehiectural requirements described in chapter 2 for
highly-automated and autonomous driving, the existestbeds cover only a few sub-aspects in a
realisation-dependent way. The definition of ‘destoation’ is far more appropriate for the efforts o
many maritime testbeds. The goal of the presenpgdoach is to provide an open and adaptable
generic testbed for multiple reuse in differentsgie and future maritime scenarios.

Generic testbeds are another approach for testévg technologies: Reusable and configurable.
Concepts from the automotive industry like the Agation platform for Intelligent Mobility (AIM)
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build an orientation. AIM is a component basedhedtfor land traffic,Schnieder and Krenkel
(2015).1t has mobile components like a car fleet or $trrat components like a research crossway,
research railway crossing or reference way Carf&lsb offers driving or virtual reality simulators
These components are test carrier for new techimsdloghe data gathered can be used later for
simulations or other research. If a new trafficaeslgation or management requires a testbed, it ean b
implemented in the AIM testbed. The virtual realporatory is built around a modular mock-up car
which allows the integration of new driver assistsystems. This scenario allows evaluating in a
static environment. The target of AIM is to be asatile test environment for broad diversity ofdan
transportation technologies. A major contributienthe previously described scope is a maritime
testbed architecture which can realise the prelyadesscribed requirements of the highly automated
and autonomous driving functionality for the mamiéi domain. This paper describes a similar
approach for the maritime domain.

4. Integrated Testbed
4.1 Supporting the Development Process

In this chapter, the approach of a seamless testingonment considering various test methods for
the whole development lifecycle will be presentgihce physical testing on rough sea is very costly
and complex, the main part of testing is carrietliowirtual simulation environments. Nevertheless,
virtual tests must be supplemented by tests imghkeworld. Fig.2 illustrates the holistic perspeet

on the development process from early stages afiregent engineering to a real physical usage.
Each of the development processes can be suppbytesither virtual and/or physical testbeds.
Depending on the respective development proceferatit test methods are provided for a seamless
testing, such as maritime traffic simulations fartual testing or a mobile bridge and a research
vessel for physical testing.

Development Process

Roaut : Functional Architecture Component Intearation Usage
equirements Design Design Design g 9

| Validation and Verification (V+V)

Virtual Testbed Physical Testbed

Maritime VTS Navibox

Traffic < = N N

Simulator ENEOF q esearch
Simulation @

Vessel ﬂ 5

Mobile Bridge Reference my
; Water- -
way

Fig.2: Supporting the Development Process by Tdstbe
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Scenario
definition

Firstly, V+V scenario definitions are created oe thasis of requirements. When developing safety-
critical systems such as highly automated and awmtoos driving systems, well established
development processes based on a methodologicalaagbpare used. Therefore, the key international
standard IEC 61508 (Functional safety of electriebdctronic and programmable electronic (E/E/PE)
safety-related systems) has been adapted by mduagtital sectors as a guideline for development.
As an example of the automotive sector, the ISO6262Road vehicles — functional safety”) is an
adaption of the IEC 61508 and had hit the ligha asaft in 2009. The ISO 17894 (“Ships and marine
technology — General principles for the developnamt use of programmable electronic systems in
marine applications”) adapts the standard and stferthe maritime domain. The IEC 61508 and
thus all adaptions focus on safety requirementsargaanalysis, adequate V+V methods and risk
assessment. Therefore, the V+V scenario definibased on information of the early requirements
and conceptual development process phase is maydata testbed.

A virtual testbed providing complex simulation emviments supports the early testing of new
maritime technologies. Along the development precesseamless transfer of the simulated tested

58



technologies into the physical testbed takes pl&ye.using the physical testbed, a real-world
assessment can be performed. Depending on theogeweht process, the integrated approach
provides elaborated environments for Model in toep, Software in the Loop and Hardware in the
Loop (MIL, SIL, HIL) testing by providing componensuch as the maritime traffic simulator for SIL
or a research vessel in a reference waterway ppmotlemonstrationtHahn (2015) This paper
mainly addresses the physical testbed, therefore méormation on the virtual testbed can be found
in Schweigert et al. (2014)n the following, an implementation of the intatgd testbed will be
presented starting with a description of the congpts of the testbed.

4.2 Physical Testbed Components

The IALA registered test platform eMIR combines igtual and physical maritime testbed. The
testbed LABSKAUS is the physical part of eMIR anddted in the German Bight. Moreover, some
components are transportable and can be locategvdvere. LABSKAUS covers ship and shore side
components and aims to build a basis for testiffgrént functional layers of automation of a vessel
according to the requirements described in chaptefddressing all layers of the three-layered
approach for driving, systems for various levelsiofomation such as remote control, remote action
planning and finally fully autonomous driving cae tested. Furthermore, the testbed covers Human
Machine Interface (HMI) analysis components suchaasnobile bridge equipment for testing
electronic chart display and information systemE€DES) and Integrated Navigation Systems (INS)
software on shore and on sea. LABSKAUS can be fmedmpirical study of maritime automation
systems, validation and demonstration of existiygtesns. In the following paragraphs, all existing
components will be described.

» Reference Waterway- The Reference Waterway covers the Elbe and KiebCApproach
near Brunsbuttel and Elbe estuary around Cuxhaveébermany. It covers a basic maritime
surveillance infrastructure (including AIS, Radeameras) and broad band communication
via LTE, illustrated in Fig.3. The Reference Watayws used as an experimental platform
and for demonstration of new technologies by affgran observable area for prototype
evaluation. Additional, the sensor infrastructisaised for setting up a database with travel
pattern and near collisions that can be used asswatrce for virtual testing. The Reference
Waterway can be individually expanded with autarkiations. Additionally, two AIS
receivers are connected to two antennas on top lofilding of the Jade University of
Applied Sciences in Wilhelmshaven, Germany. Undeody conditions they can cover
Wilhelmshaven, Bremerhaven till Cuxhaven and thetHzisian Isles till Helgoland to
enhance the Reference Waterway. Fig.4 (left) raddrAlS tracks gathered from the sensor
infrastructure in Cuxhaven. Fig.4 (right) shows thage of AlS targets of the LABSKAUS
infrastructure
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Fig.4: Control centre of the reference waterway@222016, 10:45)

The main objective of the Reference Waterway ipriavide a completely sensor-covered
area. This area is monitored and the communicagohnology allows the data exchange
between the components of the testbed and sumnveglliechnology for data gathering.

Maritime Control Station - An experimental Vessel Traffic Service (VTS) systém
Signalis enriches the evaluation functionality oABSKAUS. VTS is an electronic
monitoring system for surveillance and, where nea&gs the control of ship traffic in a
specific area. The VTS uses radar monitoring, VHEia, AIS data as well as video
surveillance of certain areas such as ports. Thdugta mobile unit, it is usually stationed at
the Maritime Research Center in Elsfleth. The V¥S&tam represents the onshore area of the
HMI components. It can be connected to the referematerway as well as to a virtual
environment for the representation of such a systethe testbed. The VTS is mainly used
for HMI research applications to improve the cutrstate-of-the-art designs and new e-
Navigation technologies. Especially automated ses/ibased on rich databases are
interesting research areas of the future, e. gnaatic announcements via radio or integrated
information systems on a vessel to the currentrenmental situation.

Research Vessel On seaside, the testbed includes the researclelvBSSE which got
modified to act as a highly adaptable vehicle falidation and verification of automated and
autonomous technology, e. g. trajectory controtiersituational awareness systems. The
research vessel ZUSE is fit for high-sea and fatlpipped with sensors or actuator control
interfaces for the rudder and engine. It providesveillance information from the
environment in vicinity. Beside this, we have a Lifikerface that can be used by a prototype
to send data to other systems for further monitpon processing. To better classify and
structure the large number of ship sensors in treext of shipping, a classification into
movement sensors, environmental sensors and ihtstnp sensors takes place. This
classification should cover all relevant marinesses.

0 Movement Sensors: Positioning: Compass, Differe@labal Positioning System
(DGPS); Speed and acceleration: DGPS, Log; Poufrdihgngle and lift: Inertial
Measurement Unit (IMU)

o Environmental Sensors: Above water: Radar, Lidialee camera; Under water:
Echolot, Microphones (acoustic analysis)

o Internal Ship Sensors: Electronic Control Unit (BGtr engine information, rudder
angle indicator

Mobile Bridge - For the evaluation of bridge component including HMI, LABSKAUS
provides a versatile mobile bridge. Three boxesdha containing computers and two multi-
touch displays can be connected to each other eindsaan integrated ship bridge system.
The mobile bridge provides the Raytheon Integrd@eidge in its standard configuration



(other software is optional) and an open sourcagerisoftware system. It is linked to eMIR
components which provide the required navigatiafah, such as compass, GPS, AlS, log,
lot, radar as well as a broad band of communicatystems. The mobile box can be split to
allow using it in small spaces, e.g. on a ship. frubile bridge system allows setting up an
experimental bridge on board without interferinghnthe vessels navigation systems because
it collects data from the sensor box or can be wgéda virtual testbed as shown in Fig.5.
The mobile bridge can use simulated data and lagmworld data of the reference waterway.
In the last step, it can be used on ship in contlsinavith the mobile sensorbox for the fully
integrated development. It enables ship steeringpirditions which allow to control a ship,
e.g. to put the rudder. In addition, it allows thealysis of new human-centred designs for
information displays and controls.

Fig.5: Mobile Bridge in the Virtual Testbed

E-Navigation Prototype Display -The testbed for automated vessels contains a EGK3S
ship side application. An ECDIS is a nhavigatioroimfiation system that combines data from
different navigation sensors and electronic nalogal charts. This allows the ECDIS like
graphical user interface to display information atbthe environmental surveillance. For
example, the data sources are DGPS, radar, sowngatian and ranging (SONAR), sea
charts or electronic navigation cards (ENC) andse&kspecific information. By combining
various data sources, the system can determindicaddi information and, for example,
dynamically notify by warning messages. For examiplie depth of the vessel is stored, an
ECDIS can reconcile this information with the séarts and use the route to check whether
the vessel can pass through this location or nesid® the ship side ECDIS like application,
there is also a VTS like shore side applicatione Tpplication is called e-Navigation
Prototype Display (EPD) and was initially develofmdthe Danish Maritime Authority. The
further development of the EPD will be task of therman institute for computer science
OFFIS since 2016. The EPD provides a laboratorgfqula of an ECDIS like application to
demonstrate potential new navigation technologibsre exists an EPD ship and EPD shore
that contains sea charts, sensor integration godmation visualisation functionalities. The
EPD ship acts as a navigation instrument on board vessel, whereas the EPD shore
provides surveillance abilities for multiple aréaparallel.

4.3 Testbed Architecture

This chapter describes the architecture that reptesthe design and interfaces of the previously
described components of the physical testbed. Aseg@mn of the testbed architecture allows the
integration of current and future systems, considewarious interoperability levels regarding
regulations, processes and technological spedditat The testbed architecture allows the provision
of complex maritime situations for the analysisradritime prototype that will automate a vessel with
outlook to autonomous driving. In particular, tleelinological components of the integrated testbed
described in chapter 2 can be appropriately usedrding to the normative requirements for an
approach of the maritime domain, such as ISO 17894.
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As illustrated in Fig.6 from a component-orientedrgpective, eMIR has co-simulation based
components in the virtual part that are linked bitigh-level architecture (HLA), such as sensor
simulation and environment simulation. The physuatt LABSKAUS provides infrastructure such
as vessels as well as sensor components locatadréference waterway and a message passing
infrastructure for communication over the InternBeside this, the physical testbed has a LTE
interface that can be used by a prototype to sextd  other systems for further monitoring or
processing because a wireless link is needed ipttgical environment.

AW Message Passing W Conn;ctor I

- Boardnet
Physical

Virtual

Simulation Framework

Sensors
4—»{ High Level Architecture }<—> Environment

Model

System under Test

Polymorphic Interface (Pl)

Fig.6: Holistic test platform eMIR

Fig.7 illustrates both the virtual and physicaltperthe testbed, although the further descriptialy
refers to the physical testbed. Nevertheless,aésall perspective is important for the understagd

of the seamless integrated testbed. Fig.7 showsdhenunication infrastructure of the integrated
testbed from an architectural perspective. On dfieside, the virtual testbed that is not partho$ t
paper as explained before. At the right hand-sitite, physical testbed LABSKAUS is shown. By
using a common data model, the virtual and physasibed have a seamless integration ability. The
physical testbed uses a message passing infrasguor the exchange of data. Further information
on the communication infrastructure and data modelbe found in chapter 4.4 that will describe the
backbone in detail.

| System under Test I

[ 1 [ 1

| Polymorphic Interface (PI) l

1 OO0 |
)i

. deserialisation serialisation
Virtual ) i
transformation transformation
Testbed )
publish subscribe
Components -

I
Physical Testbed

Components
Fig.7: Communication within the Integrated Testbed

Fig.7 shows data handler components that use asttaam management system. For a defined data
flow for example of sensor data provided by a radadicated operators (small boxes in Fig.7) are
used. Data from the field is deserialised, tramstat to S-100 and published on the message passing
system RabbitMQ. Components that want to consumedtdta can subscribe to the RabbitMQ
message passing central bus by a subscriptiontopetransfer it from S-100 into the required fotma
and serialise it into the needed syntax. The opesdor consuming data are usually provided by the
polymorphic interface to transform it into the nedd¢onsuming formalahn (2015)

This paper suggests the realisation of the follgwiequirement to create a testbed: Observability,
controllable environment, adaptability through tealogical unrestrictedness, repeatability and
functional unbounded. Fig.8 illustrates a functioparspective on the testbed architecture of the
physical testbed that aims to fulfil the criteriesdribed before. Basically, there is a prototy e th
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integrated by an integration platform into the astructure that contains environmental components
such as sensors and actuators. For this, thetevalayers: Management and infrastructure.
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Fig.8: Testbed Architecture of the Physical Testbed

The management layer of the testbed realises Vi¢eqts such as checking if the incoming and
outgoing data of the prototype is valid. On thigela existing and future approaches for V+V such as
ISO 17894 can be realised. Different V+V methodshsas requirement-based tests or fault injection
tests can be realised by an implementation of #stbéd architecture according to normative
standards. The V+V component represents the testif&p requirements, scenarios and
configurations and controls the testbed infrastmgte.g. by setting input commands according to a
scenario specification. For some test methodsjrtegnal state of the prototype system is needed
(e.g. runtime verification). Typically, a prototypell not have an interface for this in the functad
architecture. Thus, a prototype must add anothtrfate that will be consumed by the V+V
component, e. g. a logging procedure. The testbedtacture supports by design tests on different
levels, such as the system integration level omso€ level by providing the polymorphic interface
as shown in Fig.8. For a maximum adaption, therpolphic interface of the infrastructure connects
the data flows of the sensor and actuator dathed/t+V component that collects input and output
data. This input and output data as well as thexmad state of the system under test will be aealys
according to test methods, such as Failure ModeEffiedts Analysis (FMEA).

The infrastructure layer recreates the typical mmment of the system under test in a CPS. For this
the core concept of the polymorphic interface affére ability to integrate prototypes of various
technological implementation (e. g. NMEA 0183, NMRB00, S-100, IVEF or other interfaces) into
the infrastructure of the testbed as further dbedriin chapter 4.4. Beside this, the polymorphic
interface listens to the data and commands thatsen¢ between the system under test and the
infrastructure and transfers it to the V+V compdrfen further analysis. For the communication link,
there exists a middleware using the S-100 data mdldat abstracts the testbed-specific
implementation. The benefit of this testbed ardiitee is the feature of adaptability by encapsugati
the testbed-internal infrastructure by the polynhacpnterface in combination with the middleware.
In respect to requirements such as heterogenoadaoe connectivity, loose coupling and bilateral
data streams, an essential feature of the marigsibed architecture is the need for a communicatio
infrastructure connecting elements. For this puepa®ftware architecture patterns exist, such as
communication-oriented or application-oriented negddhre. A middleware addresses these
requirements by providing a time, space and symisation decoupling of distributed systems that
work geographically distributed according to theed® of automated/autonomous systems in
maritime scenarios.

As can be seen in Fig.8, the testbeds componeaitseasors such as Radar, IMU, echo sounding or

any other sensor as well as actuators such agwb&utions per minute (RPM) of the engine, rudder
angle or any actuator. These components are rdlatbe requirements of the three-layered approach
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of chapter 2 and represent the environment angehile parameters. The native interfaces of these
sensors and actuators are heterogeneous, such &ANMS83 or NMEA 2000. Therefore, a
transformation into the canonical data model of thstbed infrastructure S-100 will be done
according to the data handler description in Fighe testbed needs some information to perform the
tests. Typically, this information results from vé@ments and specifications. E.g. pre-conditions,
post-conditions, environmental factors and thesstd#the scenarios are needed to set up the testbed
and perform the test cases. As can be seen in, EigeB is a monitoring component that streams
information of the testbed infrastructure to a Vb6 visual evaluation or any debugger. The non-
modified data of the testbed communication infragtre can be used for diagnosis of errors or
analysis of a system’s behaviour based on raw d&t.detailed implementation of the components
of the backbone according to the testbed architestill be described in the following chapter.

4.4 Backbone

The backbone is a sensor box to integrate the @velors, an open communication system based on
open source message passing implementation an@ 8ehorm data representation according to the
testbed architecture presented in chapter 4.3.

» Sensorbox -The component which integrates the sensors isctcdllavibox’. It is a compact
sensor data hub which provides navigational datdbasrd as well as data for maritime
surveillance systems. It provides LAN, WLAN and &idband WAN communication
facilities. The minimum setup consists of a rader Automatic Identification System (AIS)
antenna and a wind sensor. The AIS is a core téogmdased on a radio system for the
exchange of navigation information and ship datdahie shipping industry. The objective
pursued by the use of AIS is to improve the sadeiy control of shipping by sending various
static and dynamic data via radio. All sensors Whace sending data appropriate to the
communication standard NMEA 0183 or NMEA 2000 artdelfnet can be attached. In case
of a different communication standard, an adapiktbe implemented to integrate the sensor
into the Navibox. The AIS receiver receives all Alissages from the AIS transceiver
equipped systems in a 35-100 km radius dependettiteoantenna height. The AIS messages
include static, dynamic and journey vessel inforamatA wind sensor is able to gather wind
speed as well as angle and is connected to the NRIEWR bus. An Industrial PC (IPC) takes
over the sensor stream management and processingudes a message passing broker for
the publish/subscribe mechanism of the testbed aonwation infrastructure. The Navibox
software gathers and handles all sensor data. AbNavis configured to be remotely
controlled via network (LTE).

The stationary variant of the Navibox has a stypdle to carry the sensor head. Two of the
stationary Naviboxes are implemented in the refsrewaterway located at the roof of

buildings that are near to the coast. The setu@urhaven is additionally equipped with

optical surveillance technologies to track objeetsd observe water current/surface
behaviour. In the future, an echo sounder will ktached to track movements and ship
dynamics under water. An energy autarkic versiothefNavibox station is added to run tests
on any coast location.

To collect data at the location of a vessel therté mobile Navibox. It adds a JRC JRL-21
Differential GPS (DGPS) System that can not onlg #ee position, course over ground and
speed over ground, but also the true heading aedofaurn to replace a compass. A chart
and multifunctional display allows monitoring senslata on board. The sensor pole will be
attached to a vessel and gathers sensor data imdkgeof the ship navigation electronics.

» Data Model - The physical testbed exchanges data based on 8vEd@he message passing
bus,DNV GL (2015)S-100 is a universal hydrographic data modellzet developed by the
International Hydrographic Organization (IHO) in180 This new standard replaces the past
IHO standard S-57 due to a lack of flexibility. Fexample, a limitation of S-57 is the
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missing support of complex data type, e. g. gridoathymetry or time-varying information
Ward and Greenslade (20119-100 defines specifications for maritime datd smot only a
digital data format, but a framework. S-100 shellused as the new standard for the usage of
various data related to the marine environmentsaiety. Therefore, the design decision to
use S-100 for the canonical data model of the ¢elsibfrastructure for automated and
autonomous vessels is recommended. To be compatiltke international geographic
information standards, S-100 is based on the Iatemmal Standardization Organization
(ISO) 19100 series. Therefore, it supports syrtaatid semantic interoperability among
systems using marine and marine-related geograpioicnation. Currently, S-100 is already
used as the basis for several purposes, such aBigbrepecifications for Electronic
Navigation Chart (ENC), bathymetric data or routéoimation, Park and Park (2015)
pp.6574-6575. The backbone of the testbed infretstre uses the evolving S-100 standard as
a uniform (canonical) data model. By defining tlemantics of the testbed infrastructure,
interoperability within the testbed and all comptigprototype) systems is ensured.

Communication - LABSKAUS is designed under the paradigm of looseipting and
realised using the open source message passingemate RabbitMQ, as can be seen from a
technology-independent architectural perspectiv&ig9. RabbitMQ is a communication-
oriented middleware. A message broker observesdtita channels, redirects data and
chooses which consumer can access it. This mukdir setup causes scalability and
flexibility of the system. As shown in Fig.9, weatised the system architecture of the
infrastructure by using a central broker as anringgliate communication managing
component instead of loose coupling since the comration bandwidth is limited in a
wireless offshore-onshore link. This allows theldaing advantage: In case of only one
central broker, data from producers on a vessélonly have to send the data to the central
broker over a wireless link once instead of mudtiiilme in case of multiple brokers. The
central broker is connected to consuming systenmshore by wired links that are not bound
to a low bandwidth. As a connection and commuracapattern, the middleware software
implementation of the testbed backbone uses aghublibscribe mechanism. This is suitable
since message-driven communication of sensors etudtar data streams takes place. The
communication of the testbed is controlled by congrds without requiring application-
specific levels such as method calls.
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Transformation | | broker || System 1

Actuator System 5-100 Message Consuming
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Fig.9: Distributed software architecture of the sagge passing middleware
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Polymorphic Interface - A basic idea for a generic maritime testbed asri®e=d in chapter

3 is an open and adaptable design for various kifigwototypes. For testing navigational
equipment, a polymorphic interface offers the #&pilio integrate prototypes of various
technological implementation into the infrastruetwf the testbed. The interface is highly
flexible and adaptable by supporting various mastistandards, formats and regulations,
such as IVEF, NMEA or S-100. The canonical S-10@ adaodel of the infrastructure reduces
the complexity of various standards and benefits polymorphism mechanism. This in
combination with a polymorphic interface offers Higlity to adapt various domain standards
should ease the integration of other components. pidlymorphic interface uses S-100 as a
reference model represented by a UML diagram. Basedhis, a prototype data model
specified for example in XML can be interpreted. Bye help of XSL Transformation
(XSLT), transformation rules are semi-automaticaliiefined that describe semantic
interoperability of a prototype and the testbedsd®hon the transformation rules that exist in
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XML, a platform- and programming-language dependatapter is generated. An adapter is
a design pattern of software engineering and seases mediator between interfaces. In the
role of the mediator, an adapter adopts translamivities to establish communication and
therefore interoperability between incompatiblesifaces. These are for example hardware-
software or software-software communication linksdidferent specification. A monitoring
and debugging communication channel based on i¥@8 the ability to observe a system’s
behaviour in a V+V scenario. For this, there ex&st¢TS system that displays vessels and
therefore provides observability abilities. By stiilsing to the RabbitMQ middleware, the
data streams of the testbed can be interceptedraaigsed.

5. Use Case — Shore based bridge

The paper shows the capability of the testbed IsgritEng a use case of testing a shore based bridge
(SBB) for remote control and action planning. Thealisation of this use case takes place in
cooperation with the Norwegian e-Navigation tecbggl company Navtor in the 3-year project
Cyber-Physical Systems Engineering Labs (CPSE LHiz)got funded by the European Union.
Fig.10 shows the realisation of the physical tebibgplementation which addresses the requirements
of three-layered approach for driving describedhapter 2 required by the SBB. The SBB aims to
realise the ability to navigate a vessel remotelgrdhe Internet. The SBB is in Norway while the
vessel is based in the North Sea. This testbecemghtation will provide an operational environment
for testing the SBB functions such as moving plagnivessel monitoring and safety-critical
navigation. The SBB covers a shore based ECDISwghliion station implemented by Navtor that
receives sensor data from the testbed, such agatap, GPS, AIS, voyage data recorder (VDR) or
visual camera streams. Based on this infrastructumgavigator will use multiple data sources for
monitoring, navigation, and route planning. Thetringtions by the navigator will be sent
automatically on board of the research vessel ZdSEvaypoints (NMEA 0183 — APB) or direct
control commands (rpm, rudder). In case of an artwus vessel, the updated route will replace the
current route in the ship’s ECDIS and track piloti@dhus directly steer the ship according to th& ne
intended passage plan. The communication infrastreigrovides a common operational picture on
board of the vessel as well as on shore. In the cba safety critical situation, the navigator take
control of the ship and set the speed and ruddgean

Testbed
Waterway
— 2 = g —{ Sensorbox }—— Network
Route 'g § o 8 I
l g E 8] % ‘ Trajectory Controller ‘
2E |2 Navigational
Traffic & 2 Space
Control Hydrodynamic
Environment

Fig.10: Physical testbed implementation

The SBB can provide navigational functionality bypying a moving planning module. As shown in
Fig.10, functionalities on all levels of the thregered approach for driving are taken over by the
SBB. For this, road network information such asdwarts are needed. For the guidance, information
regarding navigational space is provided by thesgebox containing environment sensors such as
AIS, camera and radar sensors. The control furalitynis realised by software handles which send
commands over the polymorphic interface to a vessehector framework of the research vessel.
This use case shows the support potential of aigddymaritime testbed for the development of
highly automated and autonomous maritime systendessibed in this work.
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6. Conclusion

This paper gives an overview on the implementasind usage of testbeds for highly automated and
autonomous vessels. The requirements for a martestbed were described that result by the three-
layered approach for driving. Furthermore, an ovvof present related testbeds was given. This
work introduces the test platform eMIR with sped@atus on the physical testbed LABSKAUS.
Firstly, the potential was described from a develept perspective to continue describing the
individual components of the physical testbed dndllfy present the complete testbed architecture.
LABSKAUS provides components such as a researceeljeeference waterway and mobile bridge
aiming to support the V+V by providing services.e$h testbed components address a wide field of
sensor sources, sinks and an infrastructure tal I testbed for V+V. The wide scope of possible
tests for highly automated and autonomous techregogffers an open as well as extendable
platform for research and industry. Using this aggh, various test and demonstration environments
can be set up. A use case shows the potentiakgbrésented approach by setting up a test environ-
ment for a shore based bridge. The use case rdlliseremote monitoring and control functionality
of a vessel by using a modified ECDIS based in Ngrand the physical testbed. In future, the eMIR
testbed will be expanded for the development asdareh of technology for highly-automated and
autonomous vessels which seem to be the futuréNaivigation.
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The Key Ship Design Decision - Choosing the Stylé @ New Design

David Andrews, University College London, London/Ul,andrews@ucl.ac.uk
Abstract

A paper to COMPIT 2013 presented a descriptiorhefghip design process in terms of the important
decisions a ship designer makes, consciously oconswiously, in order to produce a new design. The
first real decision that has to be made by thegtesi in order to proceed was said to be selectirgg t
“style” of the design study or a specific desigrtiop. This term was adopted in order to distinguish
not just a host of design issues and standards¢mpl a given study but also, at this very initsep,

the overall characteristics of any particular studo, the term style could be said to be doubly im-
portant. The paper considers the nature of theyesahliip design process for complex multi-functional
vessels, referring to the 2013 paper, and theragtg the origins of the particular use of the term
where it was seen as the last of the five eleniie@sown and Andrews’ 1980 encapsulation of the shi
design issues that matter to the naval architextpiporated in the term “S to the 5th”. This leanls

to consideration of the various aspects of destgle smany of which could be considered “transver-
sals” as they apply across the naval architectwsab-disciplines and to the component material sub-
systems comprising a ship. One of the distinctilv@atages of the architecturally driven ship sysitie

or Design Building Block approach is that it cardaelss many of the style issues in the earliestrighesc
tions of an emergent design study. Examples areiggd showing both different top-level style char-
acteristics and how the impact of specific compobiséyle aspects can be investigated in early stage
ship design using the UCL DBB approach. This ersmbie paper to demonstrate why the choice of
“style” is seen to be The Key Design Decision.

1. Introduction - Style in Early Stage Ship Design

“Style” was explicitly incorporated as a charactgci of a ship design bgrown and Andrew§1980)

as the fifth “S” in the “S' ship design characteristics, the others beinge8esally Resistance and
Propulsion), Seakeeping, Stability, and Strengibweler the exact nature of style, as a type ofrinfo
mation or design characteristic, that set it afparh other characteristics (or even the sub-diguggl of
naval architecture), such as Speed or structusalgth, was not so cle&tawling et al(2013)proposed

at COMPIT 2013 that the design issues generallymgd under style, see below, are conceptually dif-
ferent to the other naval architectural disciplinesbecause many are unsuited to mathematicaisaasal
(the same was once true of Seakeeping or struotimadtion analysis) but because style is a cross-
cutting concept, in that a decision on an aspestydé explicitly influences a wide range of sabuti
features. Stylistic information also has the keyparty of being able to accommodate uncertainty; co
taining both “hard” knowledge (such as adoptiosécific structural standards) and “soft” knowledge
(such as guidance on ship internal layout). Suadhwkedge can then be conceptually connected or
grouped. In addition, style choices may also blectfd in the weighting factors chosen given midtip
criteria when the ship designer is selecting agegreference.

An example of a transversal style choice wouldHeelével and extent of survivability adopted in a
naval ship design. A decision on the level of stability can influence a wide range of overall and
detailed design features, such as the choice nagiges and defensive systems (to prevent a hd), t
spacing of bulkheads (to resist weapon effectssatidequent flooding), the mutual arrangement of
compartments (to protect vital spaces and aiddowering from damage) and structural details (siste
the result of underwater shock on the structurdll ¢nuder). This particular example also illustraite
another feature of style in that it is cross ctticross the responsibilities of the engineerisgigdiines
involved in a ship design (such as naval archite¢tonarine engineering and combatant system engi-
neering). In this regard, style choices could be &abe particularly critical in decision-makingtae
crucial earliest stages of complex ship desigooltld be argued, however, that the difference betwe
style and the other components of*% a matter of degree, given that all the aspettship design
interact to a greater or lesser degree with eduér ot
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2. Style as the Transversals and Categories of Syl

The style to be adopted in a specific design opsahe key design decision for that option andsso
the first design decision (beyond deciding thatrain range of solution options are to be inveséd).
This is indicated in the overall ship design preaepresentation in Fig.1, taken frémdrews (2013)
where each step or decision selection is explameck fully in the appendix to that paper. The term
design style was originally proposed to distinguadhost of disparate issues distinct from the alaks
engineering sciences, such that many of them dogilseen to be on the “softer” end of the scientific
spectrum drawing on the arts and humanities. Gikerfirst four terms under the *Sumbrella are,
historically, the principal naval architectural ¢emeering sciences) sub-disciplines associated aith
ship’s technical behaviour. Whereas Style was @eMis summarise those other design concerns, which
for the case of the naval ship are listed in Tablehis very disparate range of issues, have ba#s c
gorised under some six headings that (ship) desigmederstand. Thus for example concurrent engi-
neering concerns are encompassed by the topics Ded@n Issues in Table .
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'
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|

SELECTION OF MAJOR EQUIPMENT AND
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CHARACTERISTICS

.
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.

( TECHNICAL DESCRIPTION OF THE DESIGN )

Fig.1: A representation of the overall ship degigncess emphasising key decisions
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Importantly these style issues can make a subaltatiffierence to the final outcome of a designther
relative impact ought, in the case of a complep,sioi emerge from a proper dialogue between designe
and client (or in the naval ship design case, thexational requirements owner). Furthermore, mbst o
these issues have been difficult to take into aatearly in the design process because, usuaitiglin
design exploration has been undertaken with venplsi and, largely, numeric models summarising the
likely eventual design definition and giving a @ftdubious) feel for the cost to acquire the fabfic
the ship Andrews (1994)That dialogue can now be informed by also hagiggaphical representation
of the ship’s configuration and internal architeetuas is reflected in the process summariseddpyt Fi
This process reflects the architecturally (rathantsolely numerically) driven synthesis propounigded
his Design Building Block (DBB) approachAndrews (2003)At the critical early design stages, such a
computer graphics based approach can then enabkhip designer to take account of many of the
significant issues, such as those listed in Table |

Table I: Listing of style topics relevant to a nesambatant design

Human Fac-

Stealth Protection tors Sustainability  Margins Design Style
Acoustic Collision Accommoda- Mission dura- Space Robustness
signature tion tion
Radar cross Fire Access Watches Weight Commercial
section
Infra-red Above water Maintenance  Stores Vertical cen- Modularity
weapon ef-  levels tre of gravity
fect
Magnetic Underwater Operation auto- Maintenance  Power Operational
weapon ef-  mation cycles serviceability
fect
Visual NBC con- Ergonomics Refit philoso- Services Producability
tamination phy
Shock Upkeep by ex- Design point  Adaptability
change (growth)
Corrosion Board Margin
(future up-
grades)
Damage con-
trol

The categories adopted in Table | reveal the hgégreous nature of the specific individual styleiéss

for a complex naval vessel. Thus the various itender Stealth can be seen to be the many different
signatures, which a ship has and then needs taeddwavoid detection, while the Protection itemes a
largely aspects worth incorporating in the shiprtitigate the results of weapon effects, should the
Stealth (and any “hard kill” self defence) faillbe totally effective. However, some of the Protacti
items are required for normal ship practice, sucbarosion control or for non-weapon considerajon
such as collision and fire fighting. The Human Bestaspects are little less coherent (and it night
argued rather more solution oriented than thogbeiirban architectural theorBtoadbent (1988)
These consist of some 21 “human sciences” thabhsiders are relevant to human habitation — and
hence also likely to be appropriate to HF in shifiS.concerns also relate to the important gronéaar
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of automation, which along with micro-ergonomicgy(eonsole design) has a strong input to the Pro-
tection category, specifically in regard to moderidge design. Sustainability is a major considerat

in naval ship design and could be said to be amadiger, and hence a key hidden decision in thg'sh
style from the beginning of any ship design stuithe list of Margins just makes the point that theme
many features and considerations beyond simpleinsaoyp the weight/VVCG to ensure the ship’s sta-
bility is adequate beyond the day it is accepted service. Table | also distinguishes those margin
required for unplanned (but consistently obsengrdjvth in weight and rise in VCG in-service from
Design Margins. The latter are more rightly a Ded#gue in Table I, given they address many measure
of uncertainty in design estimates. These margiti®ss all the weight/space groups, are intendbd to
absorbed, but not exceeded, through out the desidibuild process to completion.

The last category in Table I is clearly the mostaor and heterogeneous. Also, generally, such topics
have the biggest impact on the final ship design.tBis means they need to be recognised as choices
and then properly considered with the owner/requénaets team from the beginning of studying any
design option. Some of these have been the oljéptticular investigations by our research gratip
UCL and are discussed further in Section 5 as eles@b design impact of considering separately some
of these particular issues, where each could lleeaspecific driver of a design from its initiatidhis
noticeable that certain of these issues can onlgdeguately investigated in the Concept Phaseif th
architectural synthesis assumed in Fig.1 is adofiteel other aspect to most of the Design Issutllis

is that they have a qualitative or fuzzy natureud;lsay, Robustness implies a greater degree of tha
guality than the “norm” for that type of vessel.i§then raises the point that such a “norm” fonagy

new design option ought itself be defined but temfjust accepted (or inferred) as being “curreatp
tice” or by the adoption of existing standards. rEhare also exceptions in the listing of the Design
Issues category, like Aesthetics, which for mosseds, other than mega yachts and some cruise ships
is seen to be “a luxury”. However, even this caséen to be a simplification, as in the Cold Wargh
was considerable debate in the US naval ship contynasito whether the physical appearance of such
a ship was part of it's political “armamenRpach et al. (1979)

Table II: Types of Ship Design in terms of Desigovility

Type Example

RN Batch 2 Type 22 frigate
and Batch 3 Type 42
destroyer

Most commercial vessels
simple type ship and many naval auxiliary
vessels

second (stretched)
batch

a family of designs, such as
VT corvettes or OCL
container ships

evolutionary design

simple (numerical)

. UCL student designs
synthesis
architectural UCL (DRC) design studies
synthesis (see below)

radical configuration SWATH, Trimaran

US Navy Surface Effect

radical technology Ship of 1970s

The nature of the design of complex ships, suadatr@ise ships and naval combatants, is such that the
need to emphasise the importance and difficultgasfy representation of style issues is seen ta be
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further complication in the practice of designingls vessels. This is due to there being, additipnal
wide range in the practice of such design. Thisearifrom the degree of design novelty adopted in a
specific design option, as is indicated by Tahld His shows a set of examples, across the fietdhipf
design, where the sophistication in the design takien ranges from a simple modification of an ex-
isting ship, through ever more extensive variatiardesign practice, to designs adopting, firgtgical
configurations and, beyond that, radical techn@sgAlthough in first of the latter two categortds
Table Il current technology is often adopted, saptions are still rarely built, due to the risk wif-
knowns (usually exacerbated by the lack of a reatopype), while radical technology solutions are
even more rarely pursued. In part this rarity arisecause such radical technology solutions require
recourse to design and, indeed, manufacturingipeagtuch more akin to that appropriate to the aero-
space industry. Thus, new major aircraft projaggically, require massive development costs (idelu
ing full scale physical prototypes, some testeddstruction) and additionally need tooling and manu
facturing facilities to also be specifically destghand then built, before extensive series prodoaif
each new aircraft design can commence. This iswfse quite unlike most ship design, be it the ubiq
uitous bulker or the most sophisticated naval ueSseh distinctions as those of Table Il for tlesidn

of complex ships suggest any discussion of styglseat least, to recognise the spectrum of design
approach resulting from the novelty of the spedfsign option being pursued. Such choice on design
novelty is key to the initial style choice for avgh design study or a variant option in a propedg-
ducted concept exploratioAndrews (2013)

3. Examples of Style Choices in Actual Ship Designs

The following are brief summaries of a series dktlmaval ships, where style in an overall confafion
has been a distinct choice and also some morefigagie choices have been adopted, reflectingesom
of the more significant issues amongst those listéichble |.

« I1s'and 29 Rate Royal Navy (R.N.) Ship Designs
In an early study into the nature of ship c&twn and Andrews (198@yew on a series of
R.N. ship designs to point out that ship classdsclwhad been specifically designated “First
rate” or “Second rate” designs, invariably showedt tthe latter were poor value for money
(VEM). This applied to the Queen Elisabeth Class Revenge Class Battleships, where the
latter "cheaper” versions were far less effectind alearly less value for money, in their ina-
bility to be upgraded over a thirty years life. WAWII, the early convoy escorts, the Flower
Class corvettes were again poor VFM compared tdatiee Castles and Lochs. Post War first
and second class frigate classes were producedvhiid,the former led to the very successful
Leander Class, the latter (Blackwoods) were sospadied of. All these comparative designs
are excellent examples of the overall style chbiemg made from which all the capabilities
followed.

+ HMS OCEAN

Commercial standards were mandated for this hekcaoparrier without this being assessed
through any proper concept and feasibility studiex;ause of the adoption of a false costing
based on belief in a potential merchant ship caigrroption. The Project Manager (the author
in 1986-1990) fought the naval staff over adopsngh non-naval standards for an essentially
high value unit (given its “cargo” of hundreds idps plus associated equipment and 12 Com-
mando helicopters). The PM managed to raise thehpse budget but not sufficiently enough
to cover the incorporation of limited naval start¥arThe eventual purchase was subsequently
criticised by the Ministry of Defence chief mari@egineer as this commercial practice substan-
tially increased the engine support requirementtferfleet (due to this one ship’s unique engine
fit). Of course, these support costs were not shiomoriginal cost based decision, given this
was obsessed with direct initial procurement castar than the “true ownership cost” of the
design solution. Interestingly, many have argued HMS OCEAN has been “good value for
money”, however it has not been used in naval walfi@ther than usefully in peace keeping),
so the jury must be out as to whether this conssituas a “cheap” solution for such a major
naval capability. The extent to which many of tie¢ailed “style issues”, largely listed in Table
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II, were predetermined by the style choice of aviomercial ship” emphasises the importance
of overall design style.

* RFA ARGUS
How ship was a major conversion of a Ro-Ro contahip to helicopter training ship. In the
acceptance phase the author as Project Managdp ldafend to the parliamentary Defence
Committee (the HCDC) the payment of huge cost evexion a Fixed Price contraétMSO
(1989. This case proved naval ship acquisition is arlote than just engineering design and
even conversion to a support role such as a taivéssel can be demanding. The resultant
procurement failure was largely due to several gavécquisition edicts imposed early on in
the project acquisition and resulted from a styleice, which could only be described as inco-
herent. An important negative lesson on how crubialstyle decision can be.

* Type 23 Frigate
This frigate class evolved from the 105m “towedagriug” concept, which then grew in steps
(112 m, 118 m) to 123 m general-purpose frigatd-patklands War (and after the official
Concept Phase). It was the first flared R.N. hudhf (for radar cross section minimisation rea-
sons) and pioneered a combined diesel-electriggandurbine (CODLAG) propulsion fit (for
ultra-quiet acoustic signature to operate the toavealy). Both these features were incorporated
from the Concept Design studies and were the twet fumdamental ship design decisions,
retained from the concept studies despite the signjficant growth in size, post-Concept. The
style of the design was politically mandated tcshert life and “margin less”, when everyone
in concept team “knew”, despite the Navy Ministetiict, this would not be held. Many ships
in the class will be in R.N. service for at lea8ty2ars, rather than the mandated 18 years’ ship
life, and the through life cost of this shows thmpact of an ill thought through key style attrib-
ute.

* Type 3le Light Frigate
This is a new “exportable” light frigate concepbposed in a report to the UK Government by
the eminent industrialist and naval architect J8hin Parker. It is seen as an approach to break-
ing the ever increasing cost of procuring warstdpd, through adopting more commercial
standards and acquisition approaches for a “SeRaiel’ naval combatant, enabling the Royal
Navy to maintain a numerically sufficient surfacerbatant forceParker (2016).The “style”
to achieve this could be seen as a return to SeRatwlstyle and whether the concept in an era
of austerity will be more successful than previGesond Rates must await its design develop-
ment and then its introduction and longevity invess?

4. Style with an Architecturally based Design Syntésis

Many of the style issues listed in Table | shoutstfoe exposed in considering the architecturthef
ship. This is both in regard to the overall fornot(just underwater hydrodynamic and hydrostatics
relevant to the first three® @spects) but also the overall configuration (bedittihull or a more typical
mono-hull and superstructure configuration), inahgdthe internal layout disposition or architecture
The manner in which exploration of ship internatfoguration and layout helps to open up many of the
more protracted and less readily analysable aspéstsip design, largely under the style desigmatio
has been taken further by the author, firstly mdriginal exposition of the integration of configtion

in ship designAndrews (1981)ight up to recent outlines of this approach, wHiave been adopted in
current text books of naval architectufepper (2013)This section goes on to address the approach to
ship layout or the architecture of ships for seMgistinct ship types or “styles”, to show the cdexity

of issues encompassed by style once the archig¢écmmponent is given its rightful weight in design
synthesis and in the rest of early stage ship desig
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4.1. The Example of Frigate Architecture

The eminent naval ship designer and historian DréwB’s paper on “The Architecture of Frigates”,
Brown (1987),drew on his experience of preliminary warship gesand on research undertaken by
Andrews (1986and various post graduate students at Universitie@e LondonHutchinson (1981),
King (1985) Brown's paper was largely a comprehensive susf@yany of the aspects and constraints
impinging on frigate layout design through the gas phases of design (termed levels by Brown), from
initial design concept (Level 1) through to detdil@eneral Arrangement (Level 3). The design con-
straints were indicated in his Fig.4 reproducedrigs?, where an outer ring showed “problem areas”
directly affecting a frigate's architecture (e.gcess, noise, vibration, hydrodynamics, structcoaki-

nuity, survivability, stealth, aesthetics and thgbluife issues).
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Fig.2: Design Constraints affecting LayoBtpwn (1987)
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These can be seen to be a mixture of Style aspedtthe naval architecture sub-disciplines, showing
the complexity of any taxonomy for such an inteetegency of issues. The inner ring of Fig.3 shows
elements of the material solution (e.g. accommodatiecks & bulkheads, shape & proportions, pas-
sages, ladders, services & machinery arrangentatsare the components of the ship’s internaliarch
tecture. In keeping with concept of ship style,Bnaliscussed the range of style-related issuegarie

to the layout of a given design (i.e. ship rolegular/cellular features, margins, zoning). He enspde
how, for his Level 1 (for a frigate and similar doatant vessels), the key to the internal layoties
design of the upper or weather-deck dispositiowedpons, helicopter arrangements, radars, commu-
nications, bridge, boats, seamanship features, imaghuptakes and down-takes, and the access over
the deck and into the ship and superstructure3BEigows an updated version of Brown's frigate con-
figuration, Andrews (2003)

4.2. Configuration Driven Ship Design

Although the author has long postulated that thetgaeof all warships (and most commercial service
vessels) should be driven in large measure by thigrnal (and upper deck) configuratidkndrews
(1981,2003)it will be recognised that the concept desigeeartain ship types has to be approached by
firstly configuring the spaces required to achithes primary function(s) of that vessel. Thus, thgsp

ical description of a passenger, cruise or ferip,stan only be produced by commencing with the
arrangement of the public spaces and caliiegander (2003)Similarly the configuration of certain
large naval vessels, such as aircraft carriersaamghibious warfare vessels, are driven by the space
required to accommodate the primary “cargo”, whiethe hangar and flight deck or the well dock and
vehicles decks in those specific cases. A primengka of this aspect was presented on the INVINCI-
BLE Class carriergdonnor and Andrews (1982) a diagram reproduced at Fig.4. This shows sche-
matically personnel routes, equipment removal ated stores routes around and directly below the
two decks, which dominate any aircraft carrier gesi.e. the flight deck and hangar deck. That pape
discussed the need for access from the main thrdegk below the hangar, and around the side of the
hangar, taking into account the other spatial delmdor machinery inlets, outlets and removal routes
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as well as features, such as boat arrangementshgmaentilation. Their paper also pointed out, how
ever, that some important military features alsd ttabe accommodated in the arrangement but had
been deliberately omitted from this figure, such as

* Magazines and weapon movement routes;

» Other important aircraft support spaces and stores;

* The location of ship and force command, control esrtdmunications;
» Damage control features.

Although these features would need to be includearder that the evolution of such a complex ship
configuration could be properly appreciated, thiameple - and the previous frigate case — are censid
ered to leave no doubt about the author’'s contentioegard to the centrality of a ship’s architeet

in the early design process and in style termse#isentiality of the three-dimensional functiomaé+
gration as key to the ship design.

4.3. Design of Unconventional Hull Configurations

A further type of ship style, which necessitatesggaificantly distinct ship design process is tidati-

fied by the penultimate category in Table Il. Whileconventional hull types are adopted as solutions
for ocean going ships relatively infrequently, ttehould nevertheless be included in the options con
sidered in any comprehensive exploratory stagesraw ship design. In particular, in the case ef th
normally displacement-borne multi-hulled configimas - like the catamaran, SWATH and trimaran -
the architectural design is highly significant. Vhbke initial sizing of ocean-going multi-hulledssels

is considered, to determine dimensions and formarpaters, it is apparent that their sizing is not ci
cumscribed by the relatively narrow range of patanse typical of mono-hulls driven by essentialig t
Froude wave making effect. Consequently the desjgrf say a SWATH or trimaran, has to size these
vessels on the basis that it is the configuraticth@ir major spaces and how they are disposeddsstw
the hulls and the broad cross deck structure, wticistitutes the main driver for determining the-ve
sel's dimensions and principal form parametésirews (2004)As can be seen from Fig.5, the size
and shape of the trimaran ship shown are drivamfsigntly by the disposition of the majoperational

and habitable spaces.

Height and weight of array driving side
hull separation together with high GM for
roll response

Length of forecastle given by high L/B for

Side hull location as far aft resistance minimisation

as practical for reducing

wave making
Aft silo may
drive hull depth
and local form .

Location of flight
deck near pitch

Ve

by bulkhead separation

Side hull draught required for
roll response

Side hull length required for
damage survivability

Wet deck still water clearance

Traditional hull form determinants (See Figure 4.1)

Zone boundaries

Superstructure alignment with transverse bulkheads
Exhaust plumes

Weapon and radar arcs

Upper deck access for boats and RAS

Aft cut up at bulkhead for docking

Podded drive

OO0 0O0O0O0O0

Fig. 5: Trimaran Configuration Drivers for a Comdoatt Andrews (2003)
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5. Examples of UCL Concept Studies exploring aspexof Style

This section gets results of investigations in&ekected set of the topics in Table 1, which haaenb
the subject of discrete ship design studies byattthor's research team at UCL over the last twe dec
ades. The items outlined are not a comprehensalgsis of the Table | topics, but are intendedove
how these various design issues are key desigeehover which the ship designer ought to be more
informed. Thus the designer could make the key fiegision step in the ship design process summa-
rised in Fig.1 more overtly and better informedaassult of such studies for new ship designs.

* Margins
An exploration into the validity of the Design Sgiras a representation of the nature of ship
design especially in ESSD, considered Growth arat@Margins for a naval combatant study,
Andrews et al. (2012 wo distinct design styles were investigatedomaventional frigate style
and a large hulled/small superstructure variané foiinmer showed a linear behaviour in solu-
tion size with increasing Board Margin, while tlatér showed a distinct step change in size
with the same variable. Thus the choice of ovestgle was shown to be key to any such inves-
tigations and was only revealed by the use of BB Bpproach, rather than simple numerically
ship synthesis, which had been undertaken on atérigiudy several decades previously.

» Commercial structure versus Shock Robustness
In considering the extent to which commercial seéadd might be introduced into naval ship
design, in the search for reductions in initiab@rrement) cost, this UK EPSRC CASE funded
project,Bradbeer and Andrews (2016)st considered the effect of missile attack osnaall
frigate built to commercial standards. It was fotimat survivability was affected by the density
of outfitting, which could be considered a styleid®n, akin to building in robustness or adapt-
ability. A second investigatiomradbeer and Andrews (20129pked at the effect of underwa-
ter shock and varied the structural style from radrnaval scantlings to commercial practice.
This meant changing from closely spaced “Tee b@ifesers adopted to reduce the structural
weight fraction to wider spaced larger bulb antllfiar stiffeners. The survivability to very high
(hull lethality) shock levels due to adopting sutitiering scantling styles, yet with the same
longitudinal bending strength, was found to be merably less for the heavier but less struc-
turally effective commercial style. This is an eyde of more detailed analysis than would
normally be undertaken in ESSD, but reveals thstyke decision taken early in design can
make a major difference in a key ship’s capabilihtich has been seen to be fundamental in a
naval combatant.

» Design for Production — design style dominated
In a research project funded by the UK Shipbuil@gerd Ship-repairers’ AssociatioAndrews
et al. (2005p study was undertaken on both commercial vessataval ship ESSD to improve
the architecture of ships to reduce the cost dftbnog. This was a novel study in that much of
large commercial ship cost is in steelwork, wherfeascomplex ships, such as the Offshore
Support Vessel (OSV) and the Corvette in this statych of the cost is in outfitting, and hence
amenable to architectural exploration. The styfdsoth ship types were investigated, with re-
arranged machinery location and more spacious gessgs to fleet in modular cabins, respec-
tively, which could be seen as specific style chsic

» Offshore Patrol Vessel (OPV) configuration Style

This ESSD investigatiofbawling and Andrews (2010)as undertaken to show that in addition
to the conventional OPV, based on the style of knaalal combatants, it was worth exploring
more radical ship configurations, such as the O8Mroercial design, a trimaran OPV and a
very wide stern (Ramform like) mono-hull. Thesealative configurations could be seen to be
addressing style issues, such as commercial designand different hull forms, in exploring
solutions which might be more appropriate for stgv@nd deploying sizeable autonomous ve-
hicles, especially launch and recovery from thesgks stern.
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» Mothership Configuration/operational style
A novel solution to the fast Littoral Combatant cept was seen to be the transporting of several
small craft on a large fast vessel. This studhdrews and Pawling (2004)resented some five
radically different ship configurations with diffamt launch and recovery methods (e.g. crane,
heavy lift, well dock and stern gantry). Theserali¢ive styles were proposed to explore the
operational options but clearly introduced distisitipp configurations which were both synthe-
sised and the compared using the UCL DBB approach.

6. Recent Developments of Research into Ship Style

A further feature of style is that, if it can inflnce multiple areas of design, then it must itsgfesent
the “grouping” of multiple sources of informatiam $ome way. Developing an ontology and taxonomy
for style is seen to offer potential advantagethéopractice of ship concept design, as it coutahafor
more efficient storage, retrieval and applicatiémpatentially disparate pieces of information ocide
sions,Pawling et al. (2013)It has been proposed that this could be combivikdthe semi-automatic
layout generation methods, such as that developedbDelft, van Oers (2011)to allow a broader
exploration of the impact of stylistic decisionsE8SD than the point based architecturally desmn a
proach using DBBs.

From the some of the above examples of ship aathit it is considered that these can be seen as
highly stylistic, in that decisions such as the bemof masts on a frigate, or how the various fiomst
might be disposed around an enclosed hangar oimcaafacarrier (see Fig.3) are highly cross-cugtin
This is because such style choices can have batbtdind indirect impacts on a wide range of overal
and detailed design features.

There are seen to be two aspects where a moreefboamsideration of style might improve ESSD,
Pawling et al. (2013)Firstly, the development of semi-automatic methotlgenerating sufficiently
detailed designs but based on an initial crudeugyather thammb initio and genetic algorithm based
such as the TU Delft approach above, would allosvdbsigner to better focus on the overall style of
the arrangement. Secondly, a style taxonomy coelldsed as a method for describing and storing the
data and rules that permit such semi-automaticsttmldevelop more detailed layouts. The designer
could then apply a wide range of changes to a ddsigelecting a different style (e.qg. differentveu
ability levels or extent of through life adaptatyiki- see Table I). These could then be compargd/&
insights into major design and cost drivers in ESSD

6.1. Proposed Integrated Approach to better Styleriven design

An approach, to better consideration of style cbsievas made by the UCL team, in conjunction with
its research partners the University of Michigad &kl Delft, Pawling et al. (2013)Current early stage
design techniques for initial general arrangemefihdion focus predominantly on spatial compartinen
allocation. When evolving general arrangementgetieea lack of clarity, which should draw on the
selected overall ship style, Fig.1. Given thatestyan be defined as the combination of whole ship
performance metrics and local system metrics (sd#€Tl), information is drawn from different do-
mains, much of which may be ill-defined knowledgadh as HF aspects). Style is representative of
design intent and the designer’s engineering judgrimethe early stages of ship design constraifit de
nition, layout generation, and the evolving laysutvaluations. With the ability to account for etyl
definition, the designer could create concept desigat integrate a larger body of design inteithout

the need to explicitly describe its characteristics

In an effort to incorporate style into the earlgges of concept design, an iterative method usiregt

primary levels in the design process was propdsigds shows those levels as the style elucidatimh a
input definition level, design layout generationthwal level, and post-generation style analysisl]eve
respectively. Multiple components of coupled anialygould allow the cross cutting of knowledge to
capture style attributes over multiple domainshef design within each level of the suggested psoces
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Fig. 6: Integrated approach for style definitioresrly stage design

Iterative Feedback Loop

The first level of Fig.6 highlights the style chegcand the production of the inputs for the degigm-
eration method. Capturing the style is done thrabgtexplicit and implicit definition of the paratees

that will drive the analysis of performance metransd their stylistic or architectural featuresfibidon

of these constraints and requirements was nottedem a trivial process as they evolve throughbet t
early stages of ship design and then through tailddtdesign. Constraints and requirements must be
defined explicitly before network analystSillespie (2012), Collins et al. (2015 space cast analysis
can be performed. At this level, the relationstipsveen spatial, geometric, and global locatiot-pre
erences are iteratively updated with each complieigl of the integrated approach. The relationships
could be investigated abstractly through a netvemélysis, and geometric allocations through a space
cast analysis. Insights gained during this definitievel could then be used to guide the elucidatio
process towards the novel definition of style infi@erESSD.

Style at this level of this integrated could idgnapproach the ill-defined knowledge early in stes
sign and capture, as inputs, hard to quantify metifhe definition of style could be carried thrbug
Level 2 and Level 3 of Fig.6, coupling performamneetrics to the architectural layout generated ¢m th
down select appropriate designs. With proper d&imiof inputs and a clearly selected ship design
style, the parameters of the constraints and reopgints would give the potential to produce designs
with higher integrity for the subsequent phaseshith design beyond ESSD.

7. Conclusion

The paper has focused on an important part of defgision-making, that of style choice. This has
been addressed through discussing actual shiprdesidhistory and specific ship research investiga-
tions on discrete ship style related issues, rgcendertaken at UCL. A way forward proposed in an
early joint paper has been seen as a means t@ffiethphasise this paper’s assertion that choice of
overall design style is probably the key designsies. Such a clearer decision choice should beemad
(hopefully) explicitly at the earliest step in stag any design option to ensure better designaapbn
and, hence, a better downstream process.
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Abstract

This paper describes our experiences in big dat@yesis of on-board ship performance monitoring
data for the evaluation of ship’s service performarand the feedback to ship design. Full-scale
performance monitoring and analysis method deviaedlapan Marine United Corporation is
presented, which has been developed mainly fopénrmance evaluation of large merchant ships
in service, and which have been found to give featigry practical results over a number of years.
Monitored full-scale performance data is analysedisimilar way as that employed in ship’s speed
trials and the results are compared with performanmuredictions conducted at the design and
development stages. Performance evaluations areerfada large bulk carrier. It is shown that by
employing the newly developed monitoring and perforce analysis method, full-scale performance
can be evaluated with high degree of confidence itsdesults can effectively utilized in the ship
design stage.

1. Introduction

In recent years, large-size on-board performantawlhich cannot be obtained for commercial use in
the past has become available for ship’s serviceieance analysis. Whilst these data may not be
regarded strictly as Big Data as generally recaghithey possess similar characteristics as Big Dat
and require special data analysis procedures towdt#a Big Data is usually characterized by 3 Vs
including “Volume”, “Velocity” and “Variety” whichrequire specific technology and analytical
methods for its transformation into value. Fromshé performance monitoring point of view, posset
ions of 3 Vs-like features can be admitted in thatext in the drastic change in technologies in the
on-board monitoring. In terms of “Volume”, growth inonitoring data size has been noticeable. Until
quite recently service performance monitoring, attigular hull performance monitoring, has been
conducted mainly from abstract logs or noon-repath with a daily sampling rate. At the present
time, however, continuous automatic monitoring laseasingly employed and high-frequency
monitoring with sampling rate of 1 Hz and above haen common practice on normal merchant
vessels. Along with the increase in sampling ratgize of monitoring items is also increased frobm t
past normal practice of around 10 items to mora @0 items. As a result, a size of monitoring data
has increased by an order of° Hhd above over the past norm. As for “Velocityiistis generally
defined as availability of data in real-time manr®ecent service performance monitoring technology
with the use of automatic data transmission caippbib shore-side users follows exactly this
definition. As for “Variety”, this denotes varietf data type and data source. Tendency to collect
performance data from normal on-board equipmenth(sas VDR, EMS) bring about similar
challenges concerning the way to deal with theatianms in data collected.

To cope with these radical transformations in oartdoperformance monitoring environment, we
have established new monitoring and analysis proesdvhich can deal with the large size data. For
on-board monitoring and automatic data transmissiothe shore-side users, we have developed
“Sea-Navi” voyage support system for on-board pemtnce monitoringOrihara and Yoshida
(2010), Orihara et al..(2016Monitoring is conducted continuously of itemsluting ship’s position,
speed, power, fuel consumption and weather comditiMonitored performance data are statistically
analysed in the on-board sub-system in an automagicner for the specified duration of time to
reduce data size and cost for analysis work. Sitatily analysed data are sent shore-side sub+syste
and examined by means of physics-based rigoroulysimanethods as will be described in the
present study.
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Reverting to the physical nature of ship’s seryiegformance, In the course of its normal duties,
merchant ships in service are continuously exptsedvariety of disturbances which can in one way
or another affects its performance. In a seawagdwand wave conditions combine to increase the
propulsive performance necessary to maintain ecawabnservice speed. In addition, intentional

steering and manoeuvring motion result in noticeatllanges in performance from that in steady
advancing on straight course.

The full-scale performance of large merchant shigs long been predicted by extrapolating model-
scale tank test results using some combinatiorooklation factors accounting for the scale effects
between model and ship. Whilst this performancduesimn procedures has been effective for some
ship types for which full-scale performance carnvedfied by new-building speed trials conducted in
designed laden condition (e.g. tankers) and italte€an be readily fed back to prediction at the
design stage, accuracy of performance predictiarsislly deteriorated considerably for most types
of large merchant ships for which new-building gp&@ls are conducted only in light-load condition
So, for these types of ships, full-scale perforneamerification is compelled to rely on service
performance data.

It has been frequently stated that full-scale oartoperformance data are so unreliable and
inconsistent that, having in mind that the largeoant of work involved for eliminate the effects of
many disturbing factors, the detailed analysisuahsdata is not worthwhile compared to the analysis
of new-building speed trials data, but this has Ime¢n the author's experience. It is true that the
performance data recorded on board is subjectet@ffiects of a variety of disturbances and difticul
to apply to detailed analysis on hydrodynamic bakkesvever, when a sufficient amount of data is
available and appropriate analysis methods su¢hag® presented in this paper is employed, high-
quality performance evaluation with a comparableusacy as those from normal new-building speed
trials can be obtained. In any case, it is appatteatt the final criterion of ship performance must
obviously be the results that are consistently mooed and analysed in service, and the ship designe
should finally accept this position.

Service performance monitoring and analysis hag lbaistory and has been utilized for the
management of ship operations over the years. 8lewerks have been done in service performance
analysis by utilizing abstract log data, elglfer (1926) Clements (1957).ogan (1960) In recent
years, “Big Data Analysis” like works based on dethon-board performance monitoring data which
is similar to the present work has been reporfedustam (2016), Gundemann and Dirksen (2016),
Gunnsteinsoson and Clausen (2016), Solonen (2063t of these reference works are conducted
mainly from a ship owner/operator’s point of vieand attentions has been devoted to the evaluation
of the rate of ship’s performance deteriorations ttufouling and wind and wave disturbances with a
time after delivery or out of dock. Whilst thesealations are quite useful for economical operation
of merchant ships, from the ship design point @wimore detailed service performance analysis
applicable to the verification of design performameedictions.

In normal full-scale ship performance predictiommducted at design stage, ship’s performance is
evaluated under strictly defined weather conditidnsnormal practice at the present day, still-wate

condition which means no wind and no waves arecypat weather conditions for performance

evaluation. In addition to it, specifically definegather conditions such as Beaufort wind forcdesca

based weather conditions are employed for the pedoce in a seaway. Thus the primary

consideration in this paper is placed on the evminaof full-scale performance under these

specifically defined weather conditions and théfigation of the design performance predictions.

The next section describes the on-board monit@sysiem employed in the present full-scale perfor-
mance analysis method. Then, the physics-baseddalé performance analysis method is described.
After that, effectiveness of the proposed full-scperformance monitoring and analysis method is
examined by evaluating the analysis results obtiame a bulk carrier in fully loaded condition in
both still water and seaway. Analysed full-scakutes are compared with performance characteristics
predicted at the design and development stagef &eclusions are presented in the final section.
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2. On-board performance monitoring system

On-board monitoring system employed in this stigdySea-Navi’ voyage support system developed
by Japan Marine United Corporatid@rihara and Yoshida (2010%5ince their principal features are
almost the same, and details of “Sea-Navi” momipisystem is described as a representative in the
following.

Typical configuration of “Sea-Navi” monitoring sgsh is shown in Fig.1. This system primarily
consists of a suite of sensors (whose combinatibersl for a particular ship) and a system’s PC to
acquire, analyse and display data. Most of hulitesl data (ship’s speed, course, heading wind,
rudder angle etc.) are obtained from Voyage DatzoRker (VDR) as a LAN output data. Machinery-
related data (fuel-oil flow rate, fuel-oil tempareg, shaft power etc.) are obtained from engin@aroo
data logger. Ship motions and encountered wavegpi@nal monitoring item and measured by using
dedicated motions sensors and a radar wave analyser

Measured data are merged as a time-series dataf f#8-min length containing all the data items.
Then, statistical analysis of the time-series datonducted in the system’s PC. Average, minimum,
maximum, standard deviation, significant value aetb up-cross period are calculated all the data
items at an interval of 20-minute.

— Xovage Data Rec oxder (VDR)
|63 Rfoflat In Sped Core) |
% L LAN._ | m
SateRte [__Rudde izt |
Commmicetions |__Shoft Revotiozs )
Orbosrd Aralysic [ Logspeed |
{Iean Vakes, Starchrd
DevRtinetc )
Data
- LN ~|_IE Pl Temometer |
_..?_@ Logger I
(ECC) Puslkdex
p— N Shif Horse Power Meter
e Ship Motin mewrement equp.
Vetical
[ Exira Opticrs ] T.AN [ Vertical Acce emmeter ]
Radar Wave Height Meter le .
{Ware Heigdt Wame Perbd, Wape Direction) | XBwd Rudr

Fig.1: Configuration of “Sea-Navi” on-board monitay system
3. Full-scale performance analysis method

Monitored performance data are analysed to givellteesas propulsive power increase due to
encountered weather effects on the basis of Beawiord force (B.F.) scale. The analysis of
monitored data is divided into the following fouess:

(1) Step 1: scrutiny of monitored data.

(2) Step 2: estimation of resistance increasesaeacountered disturbances.
(3) Step 3: correction of ship’s performance for effect of disturbances.

(4) Step 4: evaluation of ship’s performance andbrd weather conditions.
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3.1. Scrutiny of monitored data

In order to remove uncertainty of data and condoetanalysis under equivalent basis to the extent
possible, certain group of monitored data is sebbéor the analysis. For the performance analysis o
still-water condition (i.e. no wind and wave coinalif), following criteria are specified in the data
scrutiny:

(1) Propeller revolutions are greater than thoseesponding to minimum output of the main
engine capable of continuous running to eliminagedata during at excessively slow speeds
such as harbour manoeuvres.

(2) Difference in propeller revolution during centauration of time is within certain threshold
value of maximum propeller revolution correspondiogMCO to eliminate the data during
accelerating or decelerating operations.

(3) Average and standard deviation of rudder adgiéng certain duration of time are within
certain threshold values to eliminate the datardyuintentional steering operations.

(4) True wind speed is less than certain threstalde to eliminate data under strong winds.

(5) Significant wave height is less certain thddtvalue to eliminate data in large waves

(6) Pitch and roll angle are less than certainstiotd values to eliminate data in rough weather
conditions

For the performance analysis in standard wind aasiewconditions, only (1) (3) of the above
criteria is imposed.

3.2. Estimation of resistance increases due to encered disturbances

Ship’s resistance increases due to environment@leaternal disturbances such as wind, waves,
steering and drifting are estimated.

Resistance increase due to wid&(ino) is calculated by
1
dRNIND :Epa DAT [{ C/—\A(LPWIND,R)WWIND,RZ _CAA(O) |N/GZ } (l)

wherepa is the mass density of airyAs the transverse projected area above the wadricluding
superstructure, £() is the wind resistance coefficientadf0) means the wind coefficient in head
wind, Pwino,r is the relative wind direction, Wo,r is the relative wind speedc\s the ship’s speed
over ground.

The wind resistance coefficient is based on tha datived from model tests in wind tunnel or data
calculated by the method in ISO15016_ 208%) (2015)

Resistance increase due to watiBuave is presented as a summation of resistance iresedise to
wind waves and swell and calculated by

_ B2 [{ 2 2
dRNAVE - pw [g T HWDWV IIAW,WD (/YWDWV'Tm,WDWV) + H SWLL EQ:AW,SL(/YSWLL’TSWLL) } (2)

wherepy is the mass density of water, g is the acceleraifayravity, B is the ship’s breadth, L is the
ship’s length, Kowv is the significant height of wind wavedsw.. is the height of swellCaw,wd) is
the coefficient for the added resistance due tadwiraves,Caw.s) is the coefficient for the added
resistance due to sweflyowvis the encounter angle of wind waves; 0 means heaesswi.is the
encounter angle of swell; 0 means head swWgllyowvis the mean period of wind wavégw.. is the
period of swell.

Caw,wd) andCaw,si() are calculated by linear superposition of threational wave spectrum and the
response function of the mean resistance increasegular waves. Response function of the mean
wave resistance increase in regular waves is bars¢lde data derived from tests in ship model basin
or data calculated by the method in ISO15016_ 2[HE(5,(2015)
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Resistance increase due to steerdig(p) is calculated by

dReyp = (1_tR)|:FN ($indg ()
wheretr is the deduction factor for resistance due torstgeFy is the normal force acting on the
rudder,dr is the rudder angle.

The deduction factor for resistance due to steasifijised on the data derived from tests in ship
model basin. In cases where a data base is awadabéring ships of similar type, such data is used
instead of carrying out model tests.

Resistance increase due to driftidR{rrr) is calculated by

1 2
dRoer = 2 Lo, IV, (LT [Cpper i (/B) (4)

whereVy is the ship’s speed through water, d is the shipgan draftCorer ) is the coefficient for
the resistance increase due to drifting of the,ghig the drifting angle of the ship.

tr andCoret ) are based on the data derived from tests inrslogbel basin. In cases where a data
base is available covering ships of similar typehsdata can be used instead of carrying out model
tests.

3.3. Correction of ship’s performance for the effetof disturbances

After scrutiny of the monitored data, speed/powerfgrmance of the ship is corrected for the effect
of external disturbances to obtain the performandbe specified weather and operating conditions.
Procedure for the performance correction is esthbtl based on the resistance and resistance and
thrust identity methodBertram (2000), ITTC (2011)The resistance and thrust identity method is
principally based on the assumption that over tienal range of full-scale ship operations, ship’s
propeller produces the same thrust in a wake fiéldiake fractionw as in open water with speed
Vw(1-w) and that ship’s total resistance in a seawaypsesented by the linear summation of still-
water resistance and resistance increases dusttob#inces encountered.

Ship’s speed/power performance correcting calautais made by using ship’s resistance/self-
propulsive characteristic and propeller open-watesracteristic data obtained from tests in ship
model basin or theoretical methods which has acgueguivalent to model tests. For the ease of
conduct of the correction, Propeller open-waterratizristics are described by the following
formulae:

Kr(3)=ad?+bJ+c ()
Ko(9)=a,9% +h,d +c, (6)
ro(3)=ar +b; [ +c /3 (7)

whereK+() is the thrust coefficienq() is the torque coefficientp() is the load factor (r(J)/F), J

is the propeller advance coefficient\#neDp), Va is the speed of flow into propelleny is the
propeller shaft spees is the propeller diameteay, br, cr, are the factors for the thrust coefficient
curve,ag, o, o, are the factors for the torque coefficient curve.

The correction is based on the resistance increesggsponding to the external disturbances
estimated by Eq. (1) to (4). Ship’s total resistaig calculated from the monitored ship’s delivered
power, then the total resistance is corrected lojuciag the estimated resistance increases. Finally,
corrected speed/power performance is obtained.

The performance correction is conducted for thiefghg 2 standard weather conditions:
(1) Still water condition (no wind and wave conditicloy the verification of ship’s normally

contracted performance.
(2) Beaufort weather condition (wind and wave condgi@pecified according to the Beaufort
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wind force scaleWwWMO (1995)for the verification of ship’s performance in agay, Table 1.

Table 1: Beaufort scale based standard weatheitmond

Beaufort Wind Speed | Sig. Wave Height Mean Wave Peridd
Scale (m/s) (m) (s)
1 0.90 0.1 1.2
2 2.45 0.2 1.7
3 4.40 0.6 3.0
4 6.70 1.0 3.9
5 9.35 2.0 5.5
6 12.30 3.0 6.7
7 15.50 4.0 7.7
8 18.95 5.5 9.1

* . wave period Tm) is calculated from wave height &g = 386,/H,,

The adaptation of wind speed based B.F. scalewsasher scale for the analysis is based on the
consideration that the evaluation of prevailing dvinonditions is far more accurate than the
corresponding assessment of the wave conditions.

In the following, procedure for the correction dfiss performance into still water condition is
described.

First, the delivered power to the propellBs §) is calculated from measured shaft powyq by,
Pos = Pss s 8)
wherePs sis the measured shaft powes,s the shaft efficiency.

The propeller torque coefficient in the monitoredition Kq,9 is calculated by

IDD,S m]R
210p,, . MDp° 9)
wherezr is the relative rotative efficiency of the propelins is the measured shaft spe@s,is the
propeller diameter.

The propeller advance coefficient in the monitoceddition (Js) is determined by Eq. (10) using the
torque coefficienKg s
) _\/sz -4 g - K o)

2ag (10)

The thrust coefficient in the monitored conditi&h s is obtained by Eq. (5) using the propeller
advance coefficienls. Then, the propeller efficiencyd g is obtained as,

Jg =

Js Krs
===
flos 2m Kgs (11)
The load factor of the propellegis calculated as
o= Krs
K (12)

Full-scale propeller wake fraction is calculated by
V, _ Jshg Dp
V, V,

w w

whereVy is the ship’s speed through water.

1_WS =

(13)

The total resistance in the measured condipgis also estimated using the propeller load fagtor
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Rrs = pw sz DDPZ [ﬂl_t)m_ws)z [Fs (14)
where t is the thrust deduction factor.

Propulsive efficiency coefficienyp,s is calculated using propeller efficiency and gmbipulsion
factors as

Nos =Nos Wr Gll_—wts (15)
The total resistance is corrected by subtractiegestimated resistance increases fRywas,
Rrscret = Rrs = (dRwino * dRwave + dReup * dRoger ) (16)
The corrected load factor of the propeller is deteed using corrected as,
Z-S,Crct = 2 R;’,S,Crct
Pu V" Dp [L-t) - w )* (17)

The corrected propeller advance coefficient is mieiteed by Eqg. (18) using the corrected load factor
Ts,Crch

J _ _bT _\/sz _4CT [ﬁaT _TS,Crct)
Scret Z(aT ‘TS,Crct) (18)

The thrust and torque coefficients of the propeiezorrected by substitutin cr:in Eq. (5) and (6).
Then the corrected propeller efficiency is obtaiasd

JSCrct KTSCrct
n =——
O,S,Crct 2 K oscret (19)

Corrected propulsive efficiency coefficient is abtd as
1-t

Noscret =Moscret UR Ell_ We (20)

Then the required correction for delivered powd? is calculated as,
AP = (RT,S B RT,s,Crct)Ww _p (1_ Mbs ]
DS — D,S -

1p,scret 1 pscret (21)
The corrected delivered power to the propellebisimed as follows
Ppscret = Pps ~APps (22)
The corrected shaft power is obtained as,
Pss.cret = Pos,cret / s (23)
The corrected propeller speed is obtained frontémeected propeller advance coefficient as
N cret = (1_WS)WW
% s e Dp (24)

For the case of the correction of ship’s perforneantto Beaufort standard weather condition,
procedure is the same as for the case of stillneatedition except for the total resistance coroegt

Eq. (16). For the Beaufort standard weather casa), tesistance is corrected only for the diffeeenc
of the wave effect between actual weather conditimad measured-wind-speed based Beaufort
weather condition. In Beaufort standard weatheditmm, wave condition is specified as follows:

(1) Wave heightHwv,gd : calculated from measured absolute wind speedrdmg to Table 1.
(2) Wave periodTm wv,sd : calculated from measured absolute wind speedrdmg to Table 1.
(3) Wave directiongwv g9 : set same as measured absolute wind direction.

(4) Characteristics : consisted of wind wavely,ono swell component.

89



Thus, the total resistance is corrected by subdigache estimated resistance increases due to waves
and substituting the estimated resistance increas@sponding to the Beaufort standard weather
condition @Rwvave ep,

RT,S,Crct = RT,S - (dRNAVE - dRNAVE,BF) (26)
dRwvavesr is calculated as a resistance increase due to waas of magnitude according to the
Beaufort standard weather condition as,

2
dRyave = Pw 0 [EBTJ[{ HWV,BFZ (€ awwp (va,BF ’TmWV,BF) } (27)

3.4. Evaluation of ship’s performance in standard wather conditions

Corrected ship’'s performance obtained from theutations with the procedures described in the
preceding section is used for the verificationtaf performance predictions conducted at the design
and development stages. As mentioned earlier, lysship’s full-scale performance is confirmed
only for that in trial condition (i.e. lightly loadi condition), thus the actual performance in fully
loaded condition (normally design condition) is metified for most of ship types. In addition, as
ship’s speed trial conducted before delivery isdumted relatively calm sea condition (usually less
than Beaufort wind scale 5), their performance undetual operating condition, that is its
performance in a seaway under the influences @reat disturbances including wind and waves has
not verified so far.

By means of on-board performance monitoring andyaisamethods described in this paper, ship’s
performance in both fully loaded condition and avegy can be evaluated and readily compared with
those predictions. For the evaluation of perforneaincfully-loaded condition, corrected speed/power
performance is compared with the prediction obthiftem model test results in terms of so-called
speed-power curves. Detailed analysis of the cueperformance enables us to obtain model-ship
correlation allowances, that is correction factforsthe resistance and self-propulsive factorsiedpl

in the performance predictions. For the evaluatbmperformance under the influences of external
disturbances, comparison is usually made in terimthen performance deterioration from the still
water (no wind/wave) condition using the indexeshsais power increase or speed loss.

4. Examples of service performance analysis of artge bulk carrier

To evaluate the effectiveness of the full-scaldguarance monitoring and analysis method described
in the previous sections, full-scale performanceaihooing has been conducted on a large bulk carrier
and measured performance data are analysed aagdodime present method and verified through the
comparison with the prediction results.

4.1. Test ship

A large bulk carrier recently built by IMU (desigee as “Ship A” henceforth) is selected as the test
ship for the full-scale performance monitoring amdlysis. Its dimensions are about 320m in length,
about 55m in width and about 30m in depth, respelsti Ship A has been mainly operated on the
route between Brazil and East Asia.

4.2. Results and discussion

Evaluation of fully loaded performance is made &hip A using their laden voyage data of time
duration of about 40. To reduce the influencesifguand aging effects in the performance correction
this voyage case is selected from those made withionths from the delivery.

4.2.1. Characteristics of monitored full-scale data

Time series of the monitored data is shown in Fighth include encountered weather (wind speed,
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wave height), rudder angle (average, standard tiewigS.D.)), ship motions (pitch, roll angles),
speed through water, shaft power and revolution.
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Fig.2: Monitored weather and performance data @b 8hladen voyage.
All the data shown in Fig.2 is those processed tiveg duration of 20 min from the raw time series
data sampled at 1Hz. Except for the S.D. of rugdwyle, pitch and roll angles, 20-minute average
data are shown for each measured item. As canelaglclseen from the true wind speed figure (top),
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encountered weather condition seems to be modeithten average wind speed of around 6 to 8 m/s
corresponding to Beaufort wind scale 4. Spike-lilkehaviours shown in the figures of shaft

revolutions and power are due to short-time spgetbuthe cleaning of main-engine’s turbocharger
or soot-blowing procedures conducted at an intarf/about 3 days during slow-steaming operations.
In total, about 2000 data samples (each processedZ0-min time series) have been obtained.

4.2.2. Evaluation of full-scale performance in stilwater condition

This case of performance evaluation is intendesl/&duate ship’s performance in still water conditio
(no wind and wave condition). Since for most of daygo vessels this type of performance in design
loaded condition cannot be verified on new-buildsmeed trials as mentioned in the introduction,
evaluation from monitoring data is of significamagtical importance from ship design viewpoint.

From all the monitored data, data scrutiny is cateldl according to the following criteria to select
appropriate data for the still-water performancaleation:

(1) Wind speed is less than 4.0 m/s

(2) Wave height is less than 2.0m

(3) Rudder angle average and its standard devié@dn) are less than 2.0 degree

(4) Shaft revolution is greater than 70 % of maxammevolution

(5) Difference in shat revolutions over 30 minwgdeiss than 5 % of the maximum revolution
(6) Pitch angle standard deviation (S.D.) is les®t0.25 degree

(7) Roll angle standard deviation (S.D.) is legstB.50 degree

The above data scrutiny is principally intendeddtect data monitored under small disturbances due
to both encountered weather (wind and waves) aedtional steering and propelling machinery op-
eration. By setting the stringent criteria for dstautiny, high-quality data which requires smailt-c
rections for the disturbances can be obtained.

After the scrutiny of the data, about 30 samplesaltained. All and selected data are shown in a
form of speed/power relationships in Fig.3 togethith the estimated speed/power curve predicted at
the design stage. In Fig.3, three types of comparere shown for 1) all the monitored data, II)
filtered data according to the above mentionedeiat ((1) through (7)), and I1ll) corrected data
reduced to the still-water equivalent conditiondbyninating the effects of disturbances accordmg t
the procedures described in Section 3.

All Monitored Data‘ Filtered Data ‘ Corrected Data ‘
09 %o,

_|[ s%Mmco. ssdidy | _|[ s%Mmco. _|[ 5%mco.
= , ° o = =
=3 Design Est. — =3 x

n (still water) ©°e ° %) Design Est. %) Design Est.

) ° 3 %] %]
o o o

o 8 iy [

7] [ o

2 = 2

o o o
o o o
T | e S ®
< < =
n n n Monitored (Ave.)

10% Design Speed 10% Design Speed 10% Design Speed
L L L
Speed (T.W.) Speed (T.W.) Speed (T.W.)

Fig.3: Comparison of speed/power performance gb hiaden voyage.
The right figure in Fig.3 shows the corrected speeder data with the estimated curve. In Fig.3

corrected speed/power curve is included which Isutated using revised model-ship correlation
allowances obtained from the full-scale analysssiits.
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As can be clearly seen in Fig.3, corrected speedipdata and its curve correlate quite well wité th
design estimated curve. In addition scatter of ¢heected data around mean corrected curve is
relatively small equivalent to standard deviatidmloout 1% of ship’s design speed.

These favourable corrected results for Ship A implyt only the correctness of the design
performance but also the adequacy of the presesegdure of performance monitoring and analysis
for the means of full-scale evaluation.

4.2.3. Evaluation of full-scale performance in a savay

Evaluation of the performance in a seaway is maddhie test ship using its laden voyage data of
about 40 days. Voyage case is the same as sefectbe still-water performance analysis.

Fig.4 shows an example of monitored data in a sgamfaich is divided into groups of wind
directions wheref denotes true wind direction relative the ship’sdileg. Three groups o which
correspond to head wind°@ 0 <15°, beam wind (75= 6 <105° and following wind (165= 6
=180°) cases, respectively. Effect of true wind direct{@ ) on speed/power performance, that is,
reductions in speed loss due to changes in true dinection can be clearly noticed.

As in the case of still-water performance analysiata scrutiny is conducted according to the
following criteria to select appropriate data ftwe tperformance evaluation. In this case the data
scrutiny is mainly intended to eliminate the datthbunder excessive steering and manoeuvring
motion and in wave environment different from theaBfort standard condition

(1) Difference between true wind angle and meanewdirection is less than 45°

(2) Difference between encountered wind-spee@d&F. scale and encountered wave-height
based B.F. scale is less than 3.

(3) True wind direction standard deviation ($.iBless than 15°.

(4) Rudder angle standard deviation (S.D.)ss khan 3°.

(5) Ship’s heading standard deviation (S.D.) is ksn 3°.

(6) Shaft revolution is greater than 70 % of maximmevolution

(7) Difference in shat revolutions over 30 minwgdess than 5 % of the maximum revolution

Monitored Data (0°< 6<15°) Monitored Data (75°< 6 <105°) Monitored Data (165°< 8 <180°)
— | [ 5% Mm.co. — | [ 5% Mm.co. — | [ 5% Mm.co.
i Design Est. i Design Est. i Design Est.
0 (still water) 0 (still water) 0 (still water)
o) o) o)
o o o
o) o) o)
2 2 2
o o o
o o o
T | ew T ®
ey = <
n n n
10% Design Speed 10% Design Speed 10% Design Speed
L L L
Speed (T.W.) Speed (T.W.) Speed (T.W.)

Fig.4: Comparison of speed/power performances letwidferent ranges of wind direction.

93



Filtered Data Corectted Data

Monitored Data

q~ 4 q q~ q~ q~ q~
.\ 1© . 4 2 4 % q© 7 4© 7 q© q©
@ 3 i w w w 7
w w = N c =4 c w
c 40 < i > i = R =2 {0 =2 R d 40
= 15} D ] 2 2 &
& & 4 o) o} ] 2
I 2 A a [a] [a] & 2
e 1« © 1 1 R 1< ER o R
& [
i) i o 4 )
1° o 1% o ] 0 P! 1° o 1° © 1° ® 1
% 2 2 S | Y v i
/1\. oV 1 A\ 1 A\ E 1N b 1N o 1N RN
D (va)
@ Vi Vi Vi h A A
E
Vil 1= o 1 o 1 o 1< o q [Te) 1= T 1
) n [Te} [Te) o o [
o — < ~ — — of —
ST T & © o4& 6 & ¢ o S & & ¢ o© LS o ¢ ¢ o© PS¢ § ¢ o© s T § © o© g T & & o° °
«© o @ < < o o [<5) < < ©O N @ < < «© N @ < < ©O N @ < < «© N @ < < «© 2 @ < <
— — ) — ) - - ) - I - - ) - - I - )
(96) @sealou| Jomod 1eys (9%) @sealou| Jlamod Heys (96) asealou| Jamod Heys (9%) @sealou| Jlamod Heys (96) asealou| Jamod eys (9%) asealou| Jamod 1eys
5 q anr~ q anr~ an~
; ] 7 ] @ 1¢° 3 % 1 3 1@ 1@
D w w w w of) - °
4 < : 5 5 5 i
5 1 g ] 3 1° 3 ] - N 5 4 17
2 & 8 & « g
a e 2
1 q i< q i< o 4=
&
i) Kl o - o
° 1% o ] 0 1° & m ] © 1° @ 1
2 © Y S| v v i
/1\. 1oV 4 A\ 4 \Y TS ° 4 © i 1o
(oo} fea) (va)
o Vi Vi Vi h h Y
o o
VI 1 o 1 o 1 ) 1 1 9] 1< 1
o n [Te} [Te) o o (e}
[=] — < N~ — — o -
ST & & © © ¢ T & © © S & © ¢ o LS o & o o oo 6 & o oo © 8 © o s & & & o °
o o [<5) < <~ [ N @ < < ©O N @ < < «© N @ < < ©O N @ < < «© N @ < < [ o [<5) < <
— — ) — — ) - - ) - - I - - ) - - I — — )
(96) asealou| Jamod eys  (9) asealou] Jamod Heys (9%) @sealou| Jlamod Heys (96) asealou| Jamod Heuys  (9) asealou| Jamod yeys (9%) asealou| Jamod eys (9%) @sealou| Jamod 1eys
M~ q q 9~ | q 9~ N~
w
Jo 4 - 4 s q© = . 4 - q© q©
7 i i A i X
w c c c | c G
Jo < . k= 1 2 {0 2 1 2 {0 = Jo
=2 a 4 o o <) M
m 4 a a Q 2 e
< 4 4 R 4 R a i 1<
. o
- o N o
* B 4 < 4 . 4 [Te} * 4 5 4 . 4
@ ° ) R © @ % w @
% © 2 S ¥ v . W
/1\. 1™ R T K S R ) 1Y o 1N o o & A P
9 Vil . v v
v S la W la W 1 % la % 1o 2, 14
o 5 [Te} 5 o o ©
o — < ~ — — —
ST o 6o o ¢ o & © © € ¢ & © ¢ o LS o & o o oo 6 & o s © 8 © o g 5 o o °
«© N (s3] < < «© 2 (s3] < 4 ©O N @ < < «© 2 @ < < ©O 2 @ < < o 2 @ < < «© 2 (s3] < 4
- - I - - - ) - I - ) - I -

(96) asealou| Jamod Heys

(96) asealou| Jamod 1yeys

(96) asealou| Jamod Heys

(96) asealou| Jamod Heys

(96) asealou| Jamod Heys

(96) asealou| Jamod eys

(96) @sealou| Jamod Heuys

B.F. Scale

B.F. Scale

Fig.5: Comparison of shaft power increase for $Yjifpden voyage.

B.F. Scale

94



In this case of analysis, ship’s performance coeatéor the difference of weather disturbancestdue
waves. That is, resistance increase due to wavadjusted by substituting the estimated resistance
increase under actual wave condition with thatesponding to the Beaufort standard condition based
on the encountered true wind speed by means flE}.

Corrected performance under Beaufort standard weatbndition is evaluated in terms of shaft
power increase which denotes the percent increbpeweer relative to the power in still water at

same ship’s speed through water. Comparison oectad performance with estimated shaft power
increase curve is shown in Fig.5 for a group ofdAwave directions.

In Fig.5, shaft power increase is presented againstwind speed based B.F. scale. Three types of
data consisting of raw monitored da@) filtered data (O) and corrected data () are shown in the
left, centre and right graph, respectively. By &pm the scrutiny criteria ((1) through (7)), daiae

is reduced to about 50 percent of original datdfeBEnces between filteredY) and corrected[(])
stand for the effect due to difference in wave dons between actual weather and the Beaufort
standard weather which assumes fully developed wiades. Principle reasons for the corrections
applied in this analysis are the effects of swalll #he differences of mean periods and encounter
directions of waves. In the case where swell effepredominant, corrected sea margin is noticeably
reduced from the monitored data. On the other hanthe case where encounter directions of wind
and waves differ by large amount, correction canadrge because the resistance increase due to
waves changes significantly with encounter andléhd wave encounter direction is small (close to
bow) than the encounter wave direction, wave r@st® increase is corrected to a smaller value than
that corresponding to the actual encountered wamdition.

As shown in shown in Fig.5, corrected shaft powereases correlate quite well with the estimated
curves. Also noted is that the corrections of spafter increase data due to the difference in wave
conditions is relatively small which is the orddroorrections are less than 10% for most of filkere
data. This implies that there exists a noticealfferénce in wave conditions between actual weather
and monitored wind-speed based Beaufort standarek wandition, and that ship’s performance
evaluation in a seaway should be conducted by impgastringent scrutiny criteria considering the
actual wave conditions instead of evaluation soleged on wind-speed based Beaufort weather
condition.

These reasonable agreements between correctets resthl the estimations in terms of shaft power
increase in a seaway under wide range of wind aagewonditions imply that ship’s performance in
service can be estimated using the present prediefpproach which is based on the resistance and
thrust identity method. Also should be stressedhi& the speed/power performance is affected
significantly from the effect of encountered waweesl that the accurate evaluation of those effect is
crucial in enhancing the accuracy of full-scalf@enance monitoring and analysis.

5. Conclusions

In this paper, full-scale performance of large rhart ships is evaluated by means of newly
developed on-board performance monitoring methat-9eale performance monitoring and analysis
method based on on-board performance monitoring een developed for the performance
evaluation of large merchant ships in service. Moeid full-scale performance data is analysed in a
similar way as that employed in ship’s speed trais the results are compared with performance
predictions conducted at design and developmegé sierformance evaluations are made in terms of
still-water performance and seaway performance feariety of 3 merchant ships of large bulk carrier
It is shown that by employing present monitoring @erformance procedures, full-scale performance
can be evaluated with high degree of confidenceitsmésults can effectively utilized to improvesth
accuracy of performance predictions at design stage
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Case Study - Totem Fully Autonomous Navigation System

Azriel Rahav, Totem plus, Ramat HaSharon/Israel, azriel@totemplus.com

Abstract

The Totem Autonomous Navigation System enables a USV to operate on the waters without a crew
even when the vessel is without radio contact. The vessel can be operated in a fully autonomous way
with route keeping, collision avoidance and danger/obstruction avoidance capabilities as well as
interception functionality: (1) The built in, fully approved ECDIS uses vector electronic charts and
provides powerful route planning, monitoring capabilities and interception ability. The system can be
configured for the task in advance or change the task during the voyage by the control station. (2) The
integrated Track control system keeps the vessel on a selected pre-determined route with unlimited
number of waypoints. The route can be regular, cyclic, ASR etc. Dangers and cautions along the track
are automatically avoided. (3) Collision and Obstruction Avoidance capabilities: the system enables
safe sailing by automatically avoiding danger from collisions and obstructions. This aim is achieved
by analyzing automatically ALL the targets and obstructions within the selected range around the
ship, and applying change of course to steer or speed as required. The stipulations of the COLREGS
are taken into account and the advice is complying in full with the COLREGS. The system categorizes
the targets according to their status (crossing, overtaking, head-on etc.) and applies the requirements
of the COLREGS (Give Way, Stand On etc.) according to the required parameters. The system can
handle a multiple vessels scenario. Dangers along the new course are avoided automatically. (4)
Interception functionality: This function enables the user of the Control Station (CS) to select a
specific target on the map, and instruct the system to intercept it. The system calculates continuously
the required Intercept Course and Speed and follows the target according to its changing parameters.

1. Introduction

In a world quickly entering an era of driverless cars, or at least talking about it, it is only a matter of
time before the maritime industry will be faced with Unmanned Surface Vessels. Such USVs start
from remotely controlled vessels (without autonomous capability) and go all the way to fully
autonomous vessels, with a combination of both in the interim.

The incentive for unmanned ships can come from several aspects. The shipping community is faced
with rising difficulties to obtain good officers and crews, the life onboard is becoming less and less
appealing to young people, cost of crew are always a major expense, unfortunately humans tend to err
- and errors at sea result in lives lost and loss of assets. During 2013 alone there were more than 10
collisions between ships, more than 150 seamen lost their lives and more than 1000 tons of heavy fuel
polluted the sea - most of those accidents were attributed to Human Error; e.g. Allianz estimates 80%
of marine casualties are down to human error, NN (2015); Rothblum et al. (2002) estimate 75-96% of
marine casualties are caused, at least in part, by some form of human error. Further, certain tasks are
best done without risking people, for example patrolling in rough weather or mine sweeping in
dangerous waters.

Totem Plus is active in the Autonomous Vessels field for few years, during which the Totem
Autonomous Navigation System (TANS) was fine tuned to offer full autonomous control of a fast
unmanned craft. The TANS can provide track control for various pre-defined routes, offer obstruction
avoidance and collision avoidance by course and speed control, and much more. The system can be
fully autonomous but can also be remote controlled from a command center by radio communication.

2. Totem Autonomous Navigation System

Totem Autonomous Navigation System is based on Totem ECDIS, short for “Electronic Chart
Display and Information System”, with the additional features of track control, Collision Avoidance,
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Obstruction Avoidance and other functions required for USV autonomous operation. Further, the
system is synchronized between the vessel and the control station ashore, passing information in both
directions and allowing the operator in the control station to supervise and take control if required.
When needed the operator can take complete control or (more likely) change the setup of the vessel as
required — change route, change setup configuration (for example obstruction avoidance parameters) ,
send the vessel to intercept a moving target and so forth.

The use of a fully approved ECDIS allows the USV to operate with approved marine charts,
according to the newest IMO and IHO requirements which require use of ENC charts only. The
system can therefore use any ENC chart coded in the S57 or S63 protocol and tested by the S64
protocol. Such charts are also updated constantly by the issuing authority. In the USV there is no need
for visual monitor, of course, but the data is used by the system for proper route keeping and
obstruction avoidance. The operator in the control station can see the chart, and can add objects or
prepare routes as required and p