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Design

I found a dimpled spider, fat and white,
On a white heal-all, holding up a moth
Like a white piece of rigid satin cloth –
Assorted characters of death and blight
Mixed ready to begin the morning right,
Like the ingredients of a witches’ broth –
A snow-drop spider, a flower like a froth,
And dead wings carried like a paper kite.

What had that flower to do with being white,
The wayside blue and innocent heal-all?
What brought the kindred spider to that height,
Then steered the white moth thither in the night?
What but design of darkness to appall?–
If design govern in a thing so small.

— Robert Frost (1936)



iv



v

Abstract

This research examines the handling complexity aspects of conceptual design. Contem-
porary consensus suggests vessel design must consider new market requirements such as
greater emphasis on environmental performance, a larger degree of uncertainty in terms
of contract horizon, and the need for reliability of multiple operations assessed during
early stages. Consequently, the industry has experienced development on many levels of
ship design, from advanced subsystems (e.g., a wide range of machinery configurations),
to vessels with demanding operations (e.g., modern offshore support vessels), to incorpo-
ration of fleet assessment in early stages. Designers face a number of new technologies -
usually representing greater investment - to obtain improved energy efficiency and flex-
ibility regarding multi-faceted, future scenarios in which the vessel must operate. This
large number of options results in an increase in the amount of information that should
be considered to understand important aspects of the ship during the conceptual phase.

This thesis is based on a systems engineering perspective to approach these kinds of
developments, especially recent theories combining complexity theory in engineering. This
thesis reviews current methods and approaches that deal with conceptual ship design and
its complexity aspects. Based on this review, three research questions are proposed.
First, which general complex systems theory premises can be used to define complexity in
conceptual ship design? Second, what general principles for organizing and simplifying
complexity fit the conceptual ship design task? Third, what methods efficiently handle
primary complexity aspects during conceptual ship design?

The results of this study are the identification of the general principle of handling com-
plexity, based on decomposition and encapsulation, as a strategy to manage relevant in-
formation during conceptual design, and proposing a five-aspect taxonomy to characterize
and classify complexity in conceptual ship design. The taxonomy categorizes five aspects
of conceptual ship design. The structural aspect relates to arrangement and interrelation-
ships of the physical parts in the ship. The behavioral aspect derives from form-function
mapping. The external circumstances to which the ship is subjected are captured in the
contextual aspect. Uncertainties in future scenarios and expected/unexpected changes
over time relate to the temporal aspect. The perceptual aspect relates to how various
stakeholders perceive the value they receive from a design through the operational life
cycle of the vessel.

A discussion of both traditional and novel techniques to handle each of the aspects is
presented. Focus is given to methods able to handle the three extended aspects (i.e.,
contextual, temporal, and perceptual). The goal of the study is to designate ship design
as a complex system problem, developing and improving methods capable of handling
primary complexity aspects during the conceptual phase.

The primary contribution is characterization of conceptual ship design as a complex
systems engineering task. Decomposition and encapsulation is presented as a general
principle to handle complexity during the conceptual phase of ship design. More im-
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portantly, it identifies the intelligent encapsulation allowed by the five-aspect taxonomy,
with implementation and development of methods to handle each aspect. Structural and
behavioral aspects are investigated, merging traditional and novel techniques. Epoch-era
analysis and a ship design deployment problem are used to tackle contextual and tempo-
ral aspects. The perceptual aspect is discussed through complex value robustness, and
integration and concurrent assessment of all five aspects is handled theoretically through
the responsive systems comparison method.

This thesis consists of two parts. The first contains an introductory chapter presenting
the background, the research questions, state-of-the-art conceptual ship design, ship as
a complex system, information growth in ship design and complexity in a systems engi-
neering framework, the research approach, a timeline of the research, initial results of a
study of complexity aspects, results relevant to answering the three research questions,
discussion of contributions, concluding remarks, and future research. The second part
contains the five papers, in which individual results and contributions are discussed in
more detail.
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1 INTRODUCTION 1

Part I

1 Introduction

1.1 Background

A competitive maritime industry must be able to develop and deliver complex, customized
ships with high quality and short lead times to the global market [44]. Achieving this objec-
tive brings many challenges to the design task. The adjectives “complex,”“customized,”
“high-quality,” and “short lead” encompass a particular aspect of the challenge. To de-
scribe the common understanding:

1. Complex : A ship is a large, highly integrated, self-contained system comprised of
many subsystems and parts that interact nonlinearly.

2. Customized : A ship must be adapted to fit individual specifications in a manner
that improves mission performance in comparison to standard design.

3. High quality : A ship should operate above required expectations.

4. Short lead time: A short lead time is such that it allows a ship to be constructed
and delivered in a sufficiently short time to represent a competitive investment.

Deconstructing the meaning of these adjectives offers designers many interesting research
questions. Not only are proper definitions of what is meant by complex, customized,
high quality, and short lead time required, but most interestingly and relevant to the
current project, it is also necessary to understand how they can be achieved. The two
primary objectives of a merchant vessel are: i) mission performance and ii) profit [114].
These qualities are normally observed in terms of stepwise improvements, comparing the
performance of the next design generation with previous; a new shape for a hull should
perform better than the old one, or a new machinery configuration should be more efficient
than the previous. These observations are thus based on empirical and analytical methods
used daily in the industry. Competitive ships must be designed for a global value chain
since contemporarily, the production line is distributed worldwide, with an increasing
portion of ship value produced outside the shipyard. The high interactive process of
design shifted from the traditional shipyard as a hardware producer toward management
of a large amount of information from many stakeholders. Ship design must strengthen
its ability to incorporate information exchange not only concerning the ship as product,
but also current customer needs such as documentation of design performance during
early stages with respect to lifecycle production, operation, safety, and risk.
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Initial motivation for this thesis was to understand what type of information2 it is neces-
sary to gather, understand, and control in order to design a ship able to better perform
its mission and satisfy the stakeholders’ requirement to have a profitable investment.

Advancements in computational capacity led to rapid advancement of analysis tools dur-
ing the preliminary stage of design in the last decade. A quick assessment of stabil-
ity, seakeeping, maneuvering, and load consequence is possible at the beginning of the
iterative process of design. Computer-aided engineering numerical techniques such as
strength assessment through finite element method and hydrodynamic behavior predic-
tions through computational fluid dynamics are broadly acceptable. However, technical
measurements of a ship’s structure alone are insufficient to perform proper evaluation of
a design in the early stages, and non-static market drivers must be considered. These
we can divide roughly into traditional and emergent trends that must be considered dur-
ing conceptual design. Oil prices/demand and market fluctuations are examples of these
traditional trends, which are difficult to predict. In the same category, we can include
fleet ageing, second-hand value, and fuel efficiency during the lifecycle. A 2012 study
on the offshore support vessel (OSV) market presents this type of hard-to-predict fac-
tors connected to the nature of the market. Asset values strengthened for new builds
and modern five-year-old units, while a contrary trend was observed for 10- and 20-year-
old vessels. These older vessels had their value either trend downwards or stay nearly
flat, indicating reduced relative demand in this segment. Another example is disparity
between markets. Data collected from the OSV fleet in Brazil between 2007 and 2012
showed gradual improvement in the averaged earned day rates, while keeping utilization
at a high-value, constant rate. Neither Africa nor the Gulf of Mexico demonstrated the
same phenomenon; utilization became a little lower for both locations, and the average
earned day rate showed significant fluctuation. For the sake of example for these market
variations, utilization data for anchor handling (AHTS) and supply vessels (PSV) for the
Brazilian and Gulf of Mexico markets are compiled in Figure 1 [31].

Rather than pure technical and economical predictions, recent trends demand incorpora-
tion of other aspects of the ship during early stages. There is a necessity, for example,
for proper assessment of lifecycle, considering environmental performance and operability
under several operational profiles. However, current models and methods able to incor-
porate these analyses in the conceptual phase of design are less developed than most
traditional methods of performance evaluation. One possible cause for this gap in devel-
opment is limited understanding of the relationship between primary design parameters
and their relationship with an unusual mission. A second and more generic possibility
is a lack of knowledge inherent in design when dealing with future predictions - where
abstract concepts play a greater role - such as information gathering and handing on
experience. Management of this large amount of information does not follow a unique,
common engineering standard.

2I use the word information synonymously with knowledge, following Hagen [56]: I will not distinguish
between information and knowledge (...), since it would seem like a philosophical question that is beyond
the scope to discuss at what point information becomes knowledge.
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Figure 1: Utilization levels market dynamics for the AHTS and PSV segment (compiled
from Clarkson, [31])

Regulatory changes also present challenges for designers, particularly in relation to how
to comply with stricter environmental requirements. For example, the Baltic Sea has
been an SOx controlled area (SECA) since 2005, the North Sea since 2007, and there
is currently discussion to introduce similar legislation for the United States Coast and
Mediterranean Sea. Norway imposed NOx taxes in 2007, and recently, the International
Maritime Organization (IMO) mandated a CO2 design index as a baseline for new designs
(IMO 2008, 2009). In combination with enforcement of regulations appear responses from
the market and academia, with development of new methods and technologies to diminish
the environmental impact of shipping.

At first glance, one may assume that the usual Design for X techniques solve this prob-
lem, managing all important aspects, since the literature compiles many good general
principles to tackle ship design problems ([4], [9], [7], [104], [89]). However, it is unclear
when it comes to proper definition of X ; which type of information is relevant? Can
we correctly characterize the primary factors and discover mapping between them? The
problem appears to connect to the large amount of information required to manage factors
that should be considered during early stages, without a framework to organize them.

Based on this lack of consensus when dealing with less technical Xs, it is not wrong to
assume that there is a need for better methods to manage and incorporate this information
during conceptual phases of design. In other industries (e.g., aerospace) we have seen
development of a number of approaches for handling early design effectively, based on
simulation or large design sets, concept exploration models, robust methods, and large
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data-set analysis techniques. Similarly on the technology frontier, one can find integration
of optimization and decision support techniques into analysis tools, both for parametric
and shape optimization. Some of these developments have been applied in maritime,
though the unique characteristics [42] require further research, such as the one presented
in this thesis.

Figure 2 presents a summary of this idea within the conceptual ship design domain. On
the left side are the structural objects, exemplified by the fleet, ship, and subsystems. The
left side lists traditional and emergent factors that should be considered when analyzing
and evaluating desired behaviors. The design task per se is the proper mapping between
form and function, as expressed by Coyne et al. [33] and Suh [108]. The problem to be
tackled in this thesis relies on understanding and proposing a framework that describes
how to identify, incorporate, and quantify traditional and recent factors during conceptual
ship design.

Figure 2: Conceptual ship design mapping domain

The current OSV market exemplifies this need for an extension in the factors well. For
OSVs, the combined range of cargoes, operating engine/system loads, and other operating
conditions forms an untold number of potential operating states, challenging designers
who seek to understand how a ship will operate during its lifetime. The global OSV
fleet remains dominated by smaller and older vessels [119], but the trend during the last
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decade has been toward a market with requirements for increasingly demanding opera-
tions, especially in deep water, in high-latitude operations, in cases of a higher degree of
uncertainty in terms of contract horizon and predictability of future missions [31]. Larger
and more specialized vessels are required to fulfill diverse needs and a general requirement
of greater power, such as stronger bollard pulls, winches, remotely/autonomous operated
underwater vehicles (ROV/AUV) capacity, and energy efficiency [53].

We have also observed increased interest in the study of custom operational profiles,
justified by market demand for specialized vessels able to support operations in deepwater
and harsh environments, showing a clear trend toward new opportunities for research.
Onboard logging of engine and propulsion for vessels in operation indicates clearly that
there are normally several groups of parameter combinations corresponding to typical
missions or modes [52]. However, data also show that the operating patterns are often
not as expected or predicted, and that ships often operate in ways and manage loads
the designer never anticipated. This discrepancy places the impetus on the engineer to
optimize design of a vessel while dealing with uncertainty. Similarly, installation of new
capabilities will demand evaluation of new performance indicators for a broad range of
operational scenarios since oil fields are deeper and further from shore, requiring large
quantities and wide ranges of cargoes, and therefore a larger vessel.

Recent studies approach specificities of ship operations and deepwater handling, han-
dling of buoyancy of neutral fiber ropes, trenching, installation of subsea systems, and
ROV/AUV survey on the sea bottom. All of these examples trace to requirements im-
posed during ship design, that is, a capability that a new vessel should have, which was
not considered in previous designs. They betray the necessity of understanding the op-
erational profile of all these demanding missions [119], and the benefits of optimizing a
vessel for the right operational profile such as fuel reduction and higher utilization level.
The industry understood this call for new capabilities as an opportunity to invest in more
specialized vessels, and it is common in recent literature to observe new vessels breaking
records regarding some criteria such as the the first jack windmill vessel of its type or the
highest bollard pull value [69]. Expectations of the design and performance, both from
the service and equipment provided by a vessel, are also higher since an accident in a
harsh environment leads to serious consequences.

These new trends and drivers are influencing shipowners’ businesses a great deal, shifting
perception from the delivery of goods by a ship with a size X and power Y to provid-
ing service A and B within safety, economic, and environmental constraints. As Gaël
describes [22], a decade ago, a shipowner would sit with the client and discuss hull and
propulsion. Today, the meetings are steered by factors such as safety, fuel consumption,
capability, and reliability, necessitating documenting this kind of information as precisely
as possible. The market does not agree on how this should be done, especially since this
required knowledge is not easy to access due to the abstract (one may say humanistic)
nature of these factors. There is a clear shift from purely technical to knowledge-oriented
factors, with the conception of value including not only immediate economic return, but
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also robustness toward future uncertain scenarios.

The remainder of this thesis discusses this conception of knowledge in relation to a com-
plex systems engineering (SE) viewpoint. Complexity is the amount of information nec-
essary to define a system, including components, interconnections, performance, and sce-
narios, among other required perspectives. This definition assumes every system carries
an amount of information, and only the relevant information will be considered when
defining it. Accordingly, understanding the type of complexities that exist in a ship
during the early stages of design requires extension to current boundaries of maritime
design ([57],[114]). This extension calls not only for more refined methods and calcula-
tions in the conceptual phase, but also a more flexible design methodology, which can
include multi-stakeholder decision-making, considering new technologies, environmental
concerns, regulations, operational profiles, and fleet interaction through the operational
lifecycle of a ship. Traditional structural-behavioral aspects of ship design, focused on
cost and technical performance, no longer encompass all information necessary to define
the design of a ship as a good one during its early stages. Therefore, it is necessary to
handle this complexity, and development of methods that offer other types of insights, in
the preliminary stage, such as robustness toward uncertain scenarios and environmental
performance.

For the OSV examples used in most of this thesis, addressing these new kinds of questions
means, among other actions, correct identification of the type and range of missions the
OSV will operate. At the same time, the shipowner must consider whether to install more
capabilities than the minimum required for a standard contract, based on many uncertain
criteria. It may not be possible, without exceeding the contract, to perform well according
to some stakeholders’ perception of value, and this requires a more complex operational
profile. Based on these challenges, this thesis characterizes ship design as a complex
systems problem, developing and improving methods to handle as much complexity as
possible during the conceptual phase.

1.2 Scope

The scope of this thesis was defined by selecting what is in and out of the research, usually
contrasting information based on a pair of opposite concepts in meaning. Accordingly,
we can focus on the internal or external agents, local or global constraints, product or
process, etc. The amount of information necessary to define a system connects strictly to
its design scope. How complex the design of a system is depends, therefore, on what we
are selecting to be included in the scope of the system. This idea is illustrated in Figure
3.

The scope of this thesis includes analysis of two fields: first, the types of factors that
should be considered during the conceptual ship design phase, and second, the level of
the system with which are we dealing. In particular, it comes from the idea that the
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Figure 3: Type of information and the scope domain

Figure 4: Scope of the thesis
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boundaries of what we mean by complexity during the early stages of ship design must
extend beyond the structural and behavioral aspects of a ship. Since no formal taxonomy
for handling the primary aspects of complexity is found in ship design literature, it takes
as its taxonomy and framework recent advancements in complex systems engineering
since the study of the literature led me to believe that this was the most appropriate
path. This thesis focuses on the ship as the primary system of inquiry in ship conceptual
design. However, due to non-rigid boundaries of any complex system, the thesis discusses
some aspects downstream (e.g., efficient machinery) and upstream (e.g., value robust fleet
planning) when necessary, as observed in Figure 4.

Since most of the current conceptual ship design literature relates to naval and transport
ships, this thesis focuses on exemplifying the methodology through OSVs. As stated
earlier, these vessels have a broad range of operational profiles, and missions easily change
from one contract to another, leading to an instigating opportunity to be explored and
providing a good deal of information on which to justify this research.

1.3 Research Questions

The objective of this study is to develop and improve methods to leverage the ability to
consider a large amount of information during the early stages of ship design, especially
considering factors beyond the traditional structural and behavioral aspects, allowing in-
corporation of less rigid requirements such as custom operational profiles, uncertainties
related to future regulations and market expectations, and multiple stakeholders pref-
erences. One of the core challenges is to assess the design performance when dealing
with a large number of future scenarios, and consequently the uncertainty connected to
this lack of information. Typically, a traditional design spiral method requires a finely
defined set of requirements as a starting point, beginning the mapping between form and
function from it. In the case of an uncertain mission - and consequently a non-precise
set of requirements - it is necessary to use more elaborate methods, derived both from
empirical data and first principles analysis models such as parametric design, and from
lifecycle performance theories that consider models such as probabilistic scenarios and
multi-stakeholder approaches.

A study should comprise efforts to quantify and document extension of design bound-
aries, with an appropriate mapping between design parameters and its performance under
a range of future scenarios and based on implementation and domain-specific develop-
ment of the complex systems thinking into ship design. The study, implementation com-
bination, and development of methods able to tackle these complexities should also be
considered as a research question. This thesis fits within three primary research questions:
Which general complex systems theory premises can be used to define complexity in con-
ceptual ship design? What general principles for organizing and simplifying complexity
fit the conceptual ship design task? What methods efficiently handle primary complexity
aspects during conceptual ship design? As shown in Figure 5, these questions are ap-
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proached in a cascading way, with results of the first question leading to investigation of
the second, whose results lead to investigation of the third.

Figure 5: Thesis’ research questions

The first research question connects to the idea that complexity theory is a broad field,
combining research of biological organisms, behavioral economics, social sciences, artifi-
cial systems, and a number of other disciplines. For this reason, it was necessary to limit
the scope of the study to systems engineering, extracting and sorting principles that offer
insights from the definition of complexity. The question leads to not only a definition of
complexity, but also a taxonomy that characterizes and considers new information that
brings complexity into design. The study of general premises leads to the study of what
would be the general principles for organizing and simplifying complexity that would be
appropriate to tackle the conceptual ship design domain. Generally, the second research
question investigates theoretically what can be presented as a general principle that han-
dles the complexities defined in the first research question, opening space to selection
and development of a framework that classifies aspects of complexity. The natural third
research question - after the complex system premises and general principles have been
identified - is what methods can handle the primary complexity aspects efficiently during
conceptual ship design? This question tackles the handling of the primary complexity
aspects and assumes that each aspect requires a specific study to be handled. This ques-
tion is undoubtedly the most relevant to this thesis, and relies most on the results and
contributions presented.

1.4 Papers

This thesis is presented as a primary body (Part I, Sections 1 - 6) and collection of papers
(Part II and Appendix A). The connection between the papers, the research questions,
and the contributions is presented in Section 5. The papers included in this thesis are:

Paper 1 (Journal)

Henrique M. Gaspar, Adam M. Ross and Stein Ove Erikstad: Handling Tem-
poral Complexity in the Design of Non-Transport Ships Using Epoch-Era Analysis.
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Transactions RINA, Vol 154, Part A3, International Journal Maritime Engineering,
Jul-Sep 2012
Discussion published on Transactions RINA, Vol. 155, Part A3, Jul-Sep 2013

Paper 2 (Journal):

Henrique M. Gaspar, Adam Ross, Donna M. Rhodes and Steiv Ove Erikstad:
Addressing Complexity Aspects in Conceptual Ship Design - A Systems Engineering
Approach. Journal of Ship Production and Design, Vol. 28, No. 4, November 2012,
pp. 1-15
Selected to be part of the Transactions of SNAME, Vol. 120, 2013 - with added
discussion

Paper 3 (Journal)

Henrique M. Gaspar, Océane Balland, Dina M. Aspen, Adam M. Ross and
Stein Ove Erikstad: Assessing air emissions for uncertain lifecycle scenarios via re-
sponsive systems comparison method. Submitted to an international peer-reviewed
journal (June 2013)

Paper 4 (Journal)

Henrique M. Gaspar, Arnulf Hagen and Stein Ove Erikstad: Perception of a
Ship: Designing for Complex Value Robustness. Submitted to an international
peer-reviewed journal (June 2013)

Paper 5 (Peer Review Conference):

Henrique M. Gaspar, Donna H. Rhodes, Adam M. Ross and Stein Ove Erikstad:
Handling Complexity Aspects in Conceptual Ship Design, Proc. 11th International
Maritime Design Conference, Glasgow-UK, June 2012

1.5 Structure of the Thesis

This thesis is divided into two parts. The first is the main body of the thesis, providing
background and context for the papers that follow. The second contains the five papers,
in which individual results and contributions to the field are discussed in more detail.

The six sections that comprise the first part are the introduction, state of the art, research
approach, results, discussion of contributions, and conclusion. The introduction provides
a summary of the thesis. This section describes the background, the project’s scope,
the research questions, a list of papers, and the structure of the thesis. State of the Art
focuses on complex ship design. It provides a literature review on conceptual ship design,
a discussion of ships as complex systems, information about recent changes in conceptual
ship design, a background on complex systems engineering, and an explication of the
five-aspect taxonomy applied to recent ship design literature. The Research Approach
provides a diachronic description of the study, presenting a timeline of the challenges this
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research faced and the tasks undertaken to complete it. Initial results are presented as
justification for the study of complexity and the work developed abroad. The Results
section provides a summary of theory developed during the thesis, presenting in logical
order the six achievements of the thesis, and a brief self-evaluation of the papers used
to document results. The Discussion of Contributions section discusses the thesis’ role
in contributing to extant literature, both as a whole and in terms related to each paper
that appears in the second section. Concluding Remarks and Future Work concludes the
thesis, touching on the initial objectives and raising topics for future research that follows
from the thesis

The second part contains the papers published or submitted for publication during the
research. These papers relate to complexity in conceptual ship design, and, combined,
form an impression of the current state of ship design and the challenges engineers face -
and strategies they employ to meet them.
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2 State of the Art

2.1 An Overview of Conceptual Ship Design

The conceptual phase of ship design appears in the literature under many titles such
as preliminary, feasibility, and precontract; even the term conceptual can have various
meanings [98]. Typical outputs for this phase consist of a concept definition, usually
the primary dimensions and capabilities (documented through an outline specification),
simulations, analysis, engineering models, and mockups [85].

This study takes the conceptual phase under all of these titles as its subject and focuses
on marine design methodology. The International Marine Design Conference (IMDC)
state-of-the-art reports ([98], [27], [91], [7], [104]) present an advanced study on develop-
ment of ship design. As concluded by Andrews in his 2012 review of these documents [8],
while marine design methodology is a mature discipline, distinct and diverse, it has a dis-
parate level of formalization from other fields of marine design such as marine structures
and hydrodynamics. Marine design requires a dynamic and open aspect rather than a
coherent and therefore rigid design methodology, which offers designers an opportunity
for creativity and innovation not available in other fields.

Much has been published on the specificities of a comprehensive methodology for the
design of ships, and the compilation work of Mistree et al. [82] and Andrews ([5], [13],
[8]) receive special attention in this thesis. The state-of-the-art reports also operate as
a valuable introduction to understanding development of the design methodologies over
the years, specifically the place of ship design in a general design theory, pointing out
common and specific points [98].

It is a well-established idea that the most significant decisions regarding the overall per-
formance of a vessel are decided during the conceptual phase [42]. Even if only a small
portion of the total costs is expended during these phases (usually 5% to 8%), it is not
incorrect to affirm that between 60% and 80% of the total lifecycle cost is determined
during this stage, since all later design decisions are constrained by these initial choices.
A wrong decision in this phase can lead to serious economic consequences such as an
inefficient or defective design, with a cost to extract this defect in the operating phase up
to 1000 times more than the cost in the early stages. Figure 6, adapted from Dahl [35],
illustrates these ideas as they apply to the primary design phases.

Even as the freedom to change the primary variables of the design decreases as a design
progresses through phases, the engineer’s knowledge of the problem and how the design
could be adapted to the situation increases [42]. As one goes to a more detailed part of
the process, the decisions narrow toward a certain space of solutions. Ontologically, to
make a decision means giving up other options, thus decreasing the freedom to modify
the design parameters in future stages of the process. The idea of conflict between design
knowledge and freedom to change is presented in Figure 7.
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Figure 6: Accumulated expenditures, committed costs, and costs to extract defects in the
main design phases (adapted from [35])

Figure 7: Tradeoff between the freedom to change and acquired knowledge [42]

Erikstad [42] offers reasons for this limited availability of knowledge early in the pro-
cess, such as inherent uncertainty between the design space and the performance space,
and the high ratio of qualitative to quantitative information. Seven characteristics char-
acterize conceptual phase domain of ship design: complex mapping between form and
function, multi-dimensional performance evaluation, high cost of error, strict time and
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resource constraints, a shallow knowledge structure, a strong domain tradition, and a
predominance of one-of-a-kind and engineered-to-order solutions.

A number of other characteristics of the conceptual phase domain begin with the fact that
unlike other engineering systems, the ship is a self-contained, highly-integrated structure,
coupling tightly effects between the ship’s subsystems. The physical necessity of moving a
solid body at the boundary between two fluids, and the complexity and stochastic nature
of the external environment, make the relationship between form and function particularly
complex. Due in part to the uncertainty of the task, it is difficult to simplify performance
assessment in the conceptual phase domain. Maximizing profit and minimizing risk alone,
though relatively easy, do not provide a full picture of performance, and it is important
to include non-monetary indicators. Total performance needs to be evaluated for many
key performance indicators (KPIs).

High cost of error in the conceptual phase domain likewise relates to complexity, and
amplifies the need for performance evaluation. A wrong decision in this phase can lead
to an inefficient design, or to a serious problem in it. The cost to improve a design later
may be as much as a thousand times more than the cost to approach it in the early
stages, as Figure 6 suggests. In this uncertain environment, the fact that engineers hold
shallow knowledge in the conceptual phase poses a particular challenge. Although first
principles theory/analysis offers a deeper knowledge structure, information to assess ship
performance is usually based on empirical studies and (outdated) data from previous
designs. New ships may face different tasks and require different capabilities, and in the
conceptual phase domain, the engineer has little opportunity to explore these needs. At
the same time, a strong domain tradition means stakeholders usually hold preconceived
anticipations of the result of the conceptual design domain. The designer needs to have
experience and knowledge from past solutions, without allowing intrinsic inertia to prevent
innovative solutions to the problems they anticipate.

Strict time and resource constraints also hamper development of innovation solutions.
The designer faces pressure to find a design that meets the contractual requirements
as fast and as cheaply as possible. For example, consideration of a new call, such as
risk and environmental questions, can only be settled in the design process after fewer
design generations. Consequently, engineers experience pressure to produce fast answers
and achieve a new threshold of risk and energy efficiency in a short period for each
design. A final challenge lies in the fact that each ship design presents its own challenges.
Each requires a distinct solution to allow the ship to perform a mission, making it more
difficult to save time and money by using traditional manufacturing techniques such as
standardization and large-scale production.

In addition to these seven core challenges in the conceptual phase, designers must seek
elucidation of the requirements proposed by Andrews ([11], [14]). Andrews contrasts fixed
and straightforward approaches to a pre-established list of requirements, that is, purely
systematic requirement engineering, with elucidation of the requirements collaboratively
from the owner, operator, and designer. This multi-stakeholder dialogue in the early



16 2.1 An Overview of Conceptual Ship Design

stages is an essential technique to verify and mature a reason to construct the ship,
methods, and tools, and to select which conceptual solutions should be used. Andrews’
analysis also elucidates the sequential and iterative process of the design as a recurrent
theme, captured by Erikstad as four steps: generate, analyze, evaluate, and decide (Figure
8, [42]), and observed in Andrews’ processes from Figure 9.

Figure 8: Basic design process (adapted from [42])

Andrews divides the conceptual phase into three stages ([3], [14]). Concept Exploration
deals with the possible design space solution at an abstract level, gathering information
about the limits of a search. Concept Studies examines the subset of solutions, helping
inform trade off investigations of typically ship-related issues such as speed, powering, and
seakeeping. Development of a description based on conclusions from the previous stages
is documented and extended in the Concept Design stage, with creation of a baseline
design, exploring the tradeoffs and cost benefits relevant to the customer. McDonald [80]
exemplifies this conceptual synthesis through Andrews’ architecturally integrated ship
design [2], discussing advantages of the model in comparison to the classic design process
and allowing both a simpler and broader synthesis in the same process, with evaluation
of innovative configurations. Both processes are presented in Figure 9.

For a simplified example of the process and as a guide to this state-of-the-art section, one
can use Gaspar and Balland’s [51] call to include assessment of environmental performance
during the early stages. This is based on a similar process, the meta-model presented
by Smith [107] for exploration of a ship in the early stages of frigate design, as shown in
Figure 10.

The authors suggest five actions that should be performed in each of the design steps to
address environmental performance in the conceptual phase (adapted from [51]). Firstly,
to gather methods, data, and techniques, that is, knowledge to evaluate the concept,
measuring relevant KPIs during the early stages. For example, how to estimate speed,
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Figure 9: Classical (left) and Architecturally Integrated Ship Design (right) Processes
(from [80], [2])

powering, fuel consumption, and air emissions given a ship’s operational profile, when the
characteristics of the ship are not defined well. Special focus should be given to the role of
the operational profile of the ship, for example, using data from the operational profile of
similar vessels, derived from the onboard log. The following step consists of identify and
narrow design variables that have a strong impact on or relevance to the environmental
performance, such as speed, specific fuel consumption and capacity. The integration of
the methods into the traditional design process is the third step, in order to calculate
environmental KPIs - emphasizing the pertinent subsystems (e.g., propulsion system and
its influence on air emissions) and new technologies to diminish impact (e.g., NOx and
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Figure 10: Meta-model for the preliminary design event for a frigate [107]

SOx control methods). Later, quantification and normalization of the environmental
KPIs, combined with traditional ones, is necessary, as well as creation of tradeoffs such as
marginal cost of X, Pareto frontiers, and response surfaces. Lastly, the task of document
tradeoffs and determine how much the value of the environmental KPIs will influence
the final decision (i.e., answer questions such as Is the actual environmental performance
sufficient? and Does it satisfy the criteria?

Figure 11 presents a general conceptual ship design methodology that considers division
of the proposed actions [51]. The explanation of the process according to the five steps
numerated in the methodology, exemplified by assessment of environmental performance,
is made.

Gathering Knowledge refers to efficient exploration of existing knowledge, which is nec-
essary to derive a good design description, as recommended by Andrews [14]. Erichsen
proposes the study of the market and its interrelations that influence supply and demand
of the ship service as one of the primary points to clarify the design objective [41]. In his
opinion, the designer should be familiar with market reactions toward developments in
technology, business, and organizational arrangements, and other conditions that might
affect the solution. An example of the interrelations that influence the bulk market is
presented in Figure 12.
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Figure 11: Generic conceptual design methodology with the inclusion of environmental
performance [51]

Erikstad [43] discusses acquisition of syntactic and interpretative knowledge, and suggests
five common knowledge element groups in the conceptual ship design domain: previous
design cases and existing vessel data, generalized design cases and templates, syntactic
knowledge (vocabulary), rules and facts, and solution methods, strategies, and tactics.
As part of addressing each element group, designers must consider data, methods, regu-
lations, and economic factors of the environmental measures. In this context, the current
literature reinforces the important role of acquiring correct data from the operational
profile. Levander [75] affirms that the starting point for ship design is to define its mis-
sion and related functions well. The design should focus on a ship that performs its
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Figure 12: Scheme for the interrelations that influence supply and demand in the bulk
market [41]

mission according to the plan. This concept is the basis of his System Based Ship Design,
exemplified by the process shown in Figure 13.

There is, however, a gap between the real operational profile of a vessel and the one for
which it has been designed. Values such as speed, draft, and power demand - optimized
at the design stage - can vary substantially in real scenarios, diminishing the efficiency of
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Figure 13: System based ship design process [75]

a ship and increasing costs. Seeking to address this problem, Hagen and Grimstad [57]
propose extension of system boundaries during conceptual ship design. This consists of
inserting the design task into the broader scope of the transportation system, iterating
the process from the bottom end (e.g., emissions) to transport chain requirements (e.g.,
transport demand). For example, it connects the subsystem of a ship, such as the machin-
ery, with logistic aspects. Figure 14 reproduces the authors’ simplified model, combining
the mission perspective with a ship perspective.

Hagen and Grimstad also present an overview of the current changes in the ship design
domain: technology (i.e., shipping business, design tools, propulsion efficiency, and new
materials), operational/logistics, and new ship design requirements. They also call atten-
tion to the current importance of correctly assessing the emissions of a fleet, observing
that environmental performance must rank much higher as an evaluation/decision pa-
rameter. To avoid discrepancies, the designer must thus study the possibilities of the
variations in the operational profiles. Cuesta et al. [34] present a model in which the op-
erational profile is an essential input to assessment of cost and environmental performance
of a ship, leading to considerations in the fleet and transport chain effects. Gaspar and
Erikstad [52] also require detailed documentation of the operational profiles to calculate
an index applied to transport and non-transport vessels.

After knowledge gathering, it becomes possible for an engineer to generate a design de-
scription, which should contain the most important variables corresponding to the ship’s
primary aspect [42]. The hull form, essential equipment, or functionalities can be in-
cluded. Established design books present a good compilation of what kind of information
should be contained in a good design description: Erichsen’s management approach [41],
Watson’s practical ship design, [115], Lamb’s version of SNAME’s ship design and con-
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Figure 14: Simplified conceptual design process, combining mission perspective with a
ship perspective [57]

struction [74], Parsons’ parametric ship design [90], Schneekluth and Bertram design for
efficiency [97], and Levander’s system based ship design [75]. The next phase, performance
analysis, involves combining the design description with data, models, and theories to cal-
culate ship attributes and KPIs. These processes evolved rapidly with use of computers,
but the classic design spiral from Evans still demonstrates the basic process. Early in the
1950s, for example, conceptual design already demanded analysis of technical disciplines
such as machinery, stability, resistance, and structure (Figure 15, [48]).

Continuous advancement of computational capacity and methods allowed more reliable
simulations to guide ship design (Sharma et al., [100]). This allows engineers to apply
simulations to structures, fluid dynamics, discrete events (e.g., oil-spill dispersion, cargo
handling, and ship evacuation) and economic efficiency [21]. Analysis of environmental
performance, focusing on air emissions in shipping activity (ENTEC [40]; Corbett [32];
IMO [65], [64], [63]), oil spills, and energy efficiency (Eide et al. [38]; DNV [37]) represents
a recent area of inquiry that improved simulations made possible at the conceptual stage.
Several technical and economic measures lead to changes in environmental factors, such
as hull optimization (Hochkirch and Bertram [60], Bertram et al. [20]). Balland et al.
[16], [15] present a decision-support framework for the study and selection of air emission
controls, i.e., measures to diminish the impact on the atmosphere.
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Figure 15: Evans’ classic design spiral, exemplifying main technical analysis [48]

The analysis phase yields a set of KPIs for installed power, hull resistance, fuel consump-
tion, air emissions, natural periods, etc. These KPIs allow a designer to evaluate a design
by analyzing tradeoffs each of these decisions involve. This is conducted by assigning
their marginal costs (in terms of environmental impact and money) and comparing those
to other options. Insensee and Bertram [67] provide a method to quantify emissions by
shipping operation, placing monetary values on environmental impacts and transforming
them into a single indicator.

Winnes and Ulfvarson [117] also provide guidance to evaluate a design, applying systems
engineering and lifecycle assessment methods to define a hierarchy of requirements in
the ship design task and using scoring functions to quantify various domain indicators.
The method resembles the value analysis process [60], consisting of selection of relevant
figures of merit and assigning a weight factor to them (Figure 16). Use of scoring functions
normalizes various KPIs in the range zero to 1 to allow comparisons. The best design is
the one with the highest sum of all parts.

Winnes and Ulfvarson’s method, however, might obscure the study of a design’s sensi-
tivity, uncertainty, and robustness; a blurred line exists between criteria that go beyond
the technical/rational and criteria that are humanist/abstract. As Buxton notes, [26]
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Figure 16: Scoring functions in ship design for the evaluation of environmental impact
[117]

It may well be that relative values are more important than absolute values (...) with
the go/no-go decision being taken externally as a semi-political judgment. Buxton [26]
and Erichsen [41] provide a correction to excessively technical analysis in their presenta-
tion of traditional tradeoffs in ship design. They base their analysis on the variation of
initial data (knowledge) and their effects on technical and economic KPIs. Three ways
to analyze these tradeoffs include the marginal cost of each decision, Pareto frontiers,
and multi-objective criteria. Comparing two conflicting performance measures such as
air emissions and cost of abatement complicates investigation of the marginal cost of
each vessel parameter. Multi-objective criteria provide a resolution to conflicts that arise
therein, enabling the designer to, for example, find minimal emissions and cost while
maximizing powering or bollard pull. Ultimately, a ship’s designer must use evaluation
data gathered to make decisions that finalize the design by selecting a set of KPIs or
tradeoffs to rank and select designs. Ulstein and Brett [114] state that the desires of
stakeholders in the design, their general level of accord, and the information they have
and expect influence decision-making in a new shipbuilding development. They note that
poor decisions in the early stages create more conflicts and problems later.
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2.2 Ship as a Complex System

The idea of a ship as a complex structure is so established in the field that even in classic
works such as Evans [48] and Benford [19] it is possible to find a reference to the word
(my emphasis):

Evans (1959): Ships and aircraft are examples of such extremely complex prob-

lems. Not only are they structures, but vehicles as well. Furthermore, they are

vehicles whose efficiency or, in fact, whose very ability to perform at all, is strongly

dependent upon weight economy.

Benford (1967): The selection of ship size has in the past been rather arbi-

trary simply because the complexities of the problem precluded any sort of rational

approach.

Evans and Benford focus on determining the correct value of the technical performance
of a design. The classic approach, of which Evans and Benford are both examples, uses
the decomposition of hierarchical systems, serving as a strategy to handle the information
necessary to describe the boundaries of a ship. Figure 17 exemplifies a ship as a hier-
archical system, made up of subsystems and components, and as an element of a large
maritime transportation system.

Figure 17: Ship as a hierarchic system

Division of a ship into subsystems (e.g., propulsion and hull) allows better comprehension
of the effects of each part on the system as a whole, and relationships to other subsystems.
Traditional ship design considers this division and accommodates for high interaction
effects the subsystems may have. Any preliminary design methodology, such as the Evans-
Buxton-Andrews spiral [82] or Levander’s System Based Ship Design ([75], [46]), uses
this principle of approaching design via hierarchization of each subsystem and, through
interactions, a ship.



26 2.2 Ship as a Complex System

The corresponding tradeoff between technical and economic objectives is still the core
of the design task, and is captured with the Evans-Buxton-Andrews spiral. Mistree et
al. [82] discussed extension of this traditional view toward an SE approach in the early
1990s with their proposal to embrace stronger systems thinking, concurrent engineering,
and lifecycle perspectives during the conceptual phase. More recently, Gualeni and Dazzy
[55], Hagen and Grimstad [57] and Ulstein and Brett [114] call for extended boundaries in
systematic design, focusing on current challenges such as new technologies and environ-
mental concerns. Andrews also discusses SE thinking as a rational way to approach ship
design, and states that both U.K. and U.S. defense acquisitions often use this approach.
Some aspects of the approach are criticized as constraining the fundamentally creative
elements of design [5]. Consequently, Andrews formulates a comprehensive methodology
for ship design [5] and a creative approach to ship architecture [6] as an extension of
pure SE thinking to enable creativity. Andrews proposes, for example, the building block
approach as a method to handle the structural aspect, producing a more informed and
information-rich preliminary design.

Singer et al. [105] corroborate the increase in complexity during the preliminary design,
but differ from Andrews’ in that they propose the set-based design as a means of han-
dling increased information content during conceptual design. The method goes beyond
the traditional point-based design, concurrently identifying multiple design alternatives
within the feasible design space as opposed to iterating from a single instance as with
the design spiral. An approach more industrial than Andrews’ or Singer et al.’s to ad-
dress complexity in ship design is presented by Ulstein and Brett [113]. They classify
shipping market segment complexity versus market volume and size. The classification
serves to illustrate that engineered-to-order ships are usually considered more complex
than standardized-to-order ships, even if the former have a lower share of the market
(Figure 18). The authors support an extended approach during the design phase, ar-
guing for critical systems thinking as an extension of the rational-analytical approach
used traditionally [113]. They exemplify the call for a broader framework by classifying
primary ship design approaches by systemic model attributes. Considering commercial,
technical, and operational attributes, the authors conclude that there exists a lack of
capability among ship designers and researchers to expand the core idea of ship design
and fleet development. By their evaluation, of 29 postwar ship design models, only two
reflect the invention/creation of new ideas. Only five include the business proposition
formulation as an important aspect. About half begin with some type of closed stake-
holder requirements, constraining better elucidation of the real requirements. Only three
are concerned with managing marine and ship design processes.

Ulstein and Brett endorse a critical systems framework to offer unity to the multidisci-
plinary aspect of the design task, combining systems thinking and participatory methods
to address the challenges of problems characterized by large scale, complexity, uncer-
tainty, importance and imperfection [113]. This thesis argues that industry calls for a
design methodology that includes new elements during the early stages such as multi-
stakeholder decision-making, innovation, new technologies, environmental concerns, op-
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Figure 18: Market and product pyramid in terms of segment complexity (adapted from
[113])

erational profiles, and fleet interaction, but none have done so. Traditional structural-
behavioral aspects no longer cover all information necessary to define a design as good
during early stages. Today, a ship is more complex because so many additional factors
go into evaluating it. This new amount of information thus increases the complexity of
new designs.
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2.3 Information Growth in Ship Design

Diachronic analysis of the references highlights important questions. Besides Ulstein and
Brett’s analyses of postwar approaches, another useful example is research from Yang in
2004 [118], who created a timeline with primary design ship design references (Figure
19). The author uses it as an example to position his axiomatic design case and later to
propose a call for new types of design methodologies [14].

Figure 19: Yang’s 2004 timeline for ship design methodologies [118]

A critical challenge is determination of which type of information is necessary to establish
whether a design specification is good enough, a central question in the ship design
community [10]. However, the amount of information required has increased over the
years - as this thesis demonstrates - even while the design is controversial or unclear in
how to manage this information. Lack of focus on information related to design analysis
makes it difficult to track the history of that information. It is possible, however, to affirm
that some type of information appeared relevant just after a certain base was developed.
For example, the optimization algorithm for calculating hull resistance is valid because
of development of the first estimations based on the hull shape. The trigger for focus on
environmental performance, nearly absent in ship design references more than 20 years
old, was primarily strengthening of environmental regulations and a need for fuel efficiency
given fuel price increases.
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Figure 20 shows a timeline of information growth for each decade. Far from being a
definitive proposal, this simplification illustrates some information advancements in ship
design over time through examples of one reference for each significant type of growth.
The purpose of this illustration is to introduce the idea that information in ship design
grows continuously in the direction of high interactions and less rigid boundaries. Rather
than a complete list, the references are examples since it is impossible to compile all of the
branches ship design had and has in a small figure. Advanced study of the development
of the ship design task is presented in the IMDC state-of-the-art reports ([98], [27], [91],
[7], [104]). These and previous reports make it possible to grasp an overview of the last
six decades.

The information growth is summarized as:

1950s - Overall design methodology

1960s - Rational selection of main dimensions

1970s - Economic balance

1980s - Computer-aided design

1990s - Systems engineering approach

2000s - Simulation in preliminary design

2010s - Extension of system boundaries

Figure 20: Simplified timeline for information growth in ship design through the decades
1950s-2010s

A brief explanation of the timeline is made in the following paragraphs. In 1959, Evans
[48] introduced an overall structured design methodology in his design spiral. This single-
point procedure made possible a series of technical advancements in following years.
Eight years later in 1967, Benford [19] exemplifies the rational selection of the primary
dimensions and capabilities with one of the first algorithms to explore the iterative nature
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of design toward a more efficient vessel. Lamb [73] presents the first rational procedures
using regression analysis and empirical formulas. The increase in shipping activity during
the 1970s and oil issues drove some research to the right assessment of the cost of shipping
activity, exemplified by Buxton (1976, [25]).

By 1980s, with the advent of the personal computer, it became clear that engineering
was changing a great deal, affecting ship design as well. Andrews raises a more serious
discussion of creativity in design, defending new methods and computer-aided tools in
early stages since computational capacity became more accessible in the 1980s. Estab-
lishment of SE methods such as concurrent engineering brought ship design a broader
systems thinking, extending the single-point overall methodology, exemplified in 1990
by Mistree’s et al. decision-based design review of the paradigm (1990, [82]). The new
century offered high computational power, stimulating many types of simulations during
early stages to offer support to traditional empirical methods. We observe refinement
of procedures previously presented by Lamb, with a comprehensive methodology from
Andrews [5], a practical approach from Watson [115], and the fully parametric approach
presented by Parsons [90].

In the last two decades ship design focused greatly on computational capacity and the
power of simulation. Bertram exemplifies this by using simulation toward efficiency and
economy ([97], [60], [20]). Bertram and Thiart (2005, [21]) show advancement of com-
putational methods in the last few decades, enabling more reliable simulation-based ship
design. They argue design behavior is evolving from experience-based (exemplified by
regression analysis tools) to simulation-based (exemplified by discrete tools) methods,
allowing application in structures, fluid dynamics, discrete events (e.g., oil-spill disper-
sion, cargo handling, and ship evacuation), and economic efficiency. These advancements
permit increased information to be handled during the conceptual phase, necessitating a
discussion of the impact of simulation in ship design such as that offered by Andrews and
Pawling [10].

Extending to today, ship design reflects the necessity to consider other types of informa-
tion in design, rather than purely technical or economic information, since new elements
are now gaining importance such as environmental performance and risk. Hagen and
Grimstad (2010, [57]) offer a discussion of these new elements, proposing an extension
to boundaries of design. This extension is not only concerned with refined methods and
calculations, but also includes a call for other aspects during early stages. By extension of
the boundaries, the authors require a design that includes new technologies, environmen-
tal concerns, operational profiles, and fleet interactions during early stages. Traditional
structural-behavioral aspects no longer cover all information necessary to define a design
in early stages. This need to understand how complexity and information is handled
led me to review literature on complex systems theory and complexity using a systems
engineering framework.
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2.4 Complexity in a Systems Engineering Framework

Complexity Theory evolved rapidly in recent decades, spreading complexity thinking
to social, biological, and technical sciences, from corporation management [110] to the
evolution of biological organisms [23]. There were even institutions created such as the
New England Complexity Systems Institute (NECSI) and the Santa Fe Institute (SFI)
that are devoted to developing complexity theory in diverse areas of knowledge. Mitchel
compiles many meanings the word can take [83], pointing out the difficulties of defining
it:

In 2004 I organized a panel discussion on complexity at the Santa Fe Institute’s

annual Complex Systems Summer School (...) The panel consisted of some of the

most prominent members of the SFI faculty (...) The students at the school - young

scientists at the graduate or postdoctoral level - were given the opportunity to ask

any question of the panel. The first question was, How do you define complexity?

Everyone on the panel laughed, because the question was at once so straightforward,

so expected, and yet so difficult to answer. Each panel member then proceeded to

give a different definition of the term. A few arguments even broke out between

members of the faculty over their respective definitions. The students were a bit

shocked and frustrated. If the faculty (...) could not agree on what was meant by

complexity, then how can there even begin to be a science of complexity?

Mitchel later presents the most common definitions, explaining the reasoning on which
they are based. Complexity as size, as a natural choice, is to count the number of ele-
ments in a system. The definition is criticized, however, for not considering the number
of interactions and consequences. Complexity as entropy, measured as the amount of
information in terms of Shannon entropy, defines it according to how objects are ordered
and information can be predicted. Kolmogorov’s definition, defined in terms of how much
relevant information is necessary to define an object, relates to complexity as algorithmic
information content. Complexity as logical depth relates to how difficult an object is to
construct; it is not about the description, but that more complex objects are harder to
construct. Similarly, complexity as thermodynamic depth is based on the sequence of
events that leads to construction of a system, measuring total thermodynamic and infor-
mation resources required during construction. Complexity as computational capacity is
measured in terms of the sophistication of what a system can compute. Statistical com-
plexity relates to the minimum information regarding a system’s past behavior needed to
optimally predict the statistical behavior of the system. Complexity as fractal dimension
quantifies how much interesting detail is observed at all scales as an observer digs deeper
into the infinite cascade of self-similarity. Complexity as degree of hierarchy, based on
Simon’s definition that the complexity of a system can be defined in terms of its degree
of hierarchy, suggests the complex system being composed of subsystems that, in turn,
have their own subsystems, and so on [101].
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This thesis uses three seminal works to choose among the most relevant to ship design,
connected strongly to Mitchel’s algorithm information content and degree of hierarchy
definitions. Herbert Simon ([101], [103]) proposes that how complex or simple a structure
is depends critically on the way we describe it. Simon proposes a hierarchical approach
to complexity, decomposing the system until it can be understood:

If you ask a person to draw a complex object e.g., a human face, he will almost

always proceed in a hierarchic fashion. First he will outline the face. Then he will

add or insert features: eyes, nose, mouth, ears, hair. If asked to elaborate, he will

begin to develop details for each of the features - pupils, eyelids, lashes for the eyes,

and so on - until he reaches the limits of his anatomical knowledge. His information

about the object is arranged hierarchically in memory, like a topical outline. When

information is put in outline form, it is easy to include information about the

relations among the major parts and information about the internal relations of

parts in each of the sub-outlines. Detailed information about the relations of sub-

parts belonging to different parts has no place in the outline and is likely to be lost.

The loss of such information and the preservation mainly of information about

hierarchic order is a salient characteristic that distinguishes the drawings of a child

or someone untrained in representation from the drawing of a trained artist.

It is always difficult to describe a structure; by selecting words, we are also defining
the abstract boundaries in the meaning of the term and, by exclusion, all the infinite
characteristics that the term does not contain. A simple example is a ship. Is it a
structure that floats? Does it have its own propulsion? Are barges, canoes, and ships
vessels? Are vessel and ship synonymous?

The second seminal work clarifies Simon’s insights. Algorithm information theory as de-
scribed in Kolmogorov’s definition of complexity [71] refines Simon’s approach. If any
object is simply constructed, then a small quantity of information is sufficient for its
description, but if it is complicated, then its description must contain much information.
According to some arguments, it is convenient to call the quantity thus introduced as
complexity. Kolmogorov argues that the more information an object has, the more in-
formation is needed to describe it, and therefore the more complex the object is. Our
object is thus the system. It includes other objects that interact with the system since
the specification task of an object is easier when another object to which this object re-
lates is already specified. Suh also developed the idea of information connected to design
complexity, proposing that violation of the information axiom - to minimize information
content of a design maximizes probability of success - will result in complexity in the
system ([108], [109]). More information creates complexity, applying common sense that
is easier to design and evaluate a system that requires less information to be defined than
a system that requires more information.

In summary, the idea of complexity used in this thesis contains elements from these three
authors, approached from an SE viewpoint. Summarized by Magee and de Weck [76],
complexity is thus defined as the amount of information necessary to define a system,
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including components, interconnections, performance, and scenarios among other per-
spectives that may be required. This definition assumes every system carries an amount
of information, and only relevant information will be considered when defining it. It is
clear that information related to structural strength or welding properties are more per-
tinent than taste or color when designing in the maritime sector. The same assumption,
however, cannot be true when dealing with food engineering or dentistry.

The SE approach already incorporates the word complex in the definition of a system.
Defined by Oliver et al., a system is a complex unity formed by many, often diverse,
parts subject to a common plan or serving a common purpose [74]. Complex thus means
a system that requires much information in several perspectives to be defined. As an-
other example, there is the definition proposed by NASA: a system is a construction or
collection of different elements that together produce results not obtained by the elements
alone [85]. Other definitions such as those published by INCOSE [66] also consider the
non-triviality of interactions among between parts.

Norman and Curas [23] present an interesting discussion about complexity and intricacy.
Although the term complexity has been used more to define natural evolutionary and
self-organized systems (e.g., world economies and telecommunication), intricacy relates
to complex arranged elements (i.e., an intricate system is made from pieces designed
carefully to fit into a previous structure), which establishes conditions for the subsequent
structure. The shape of intricate systems is unaffected by the environment as much as
evolutionary systems. It was my decision, however, to adopt the SE idea of complexity,
based strongly on the design of artificial systems [103].

The traditional engineering process (i.e., functional specification, design, testing, and
validation [23]) creates artificially designed systems in which the idea of control is stronger
in comparison to natural systems; there is higher knowledge in the process, leading to
a designed object that performs some function. In this context, more complex systems
lead to lower control when designed since the mapping between form and function is not
salient. The definition of complexity related to the amount of information aligns with the
SE approach of defining complexity. Hubka and Eder [62] propose a four-level degree to
measure complexity (Table 1). Although classification is limited to the aforementioned
focus on the structural/behavioral viewpoint, it serves as a rough measure to affirm the
commonsense idea that a system such as a ship is more complex than a propeller.

Most advanced engineered systems are even more complex than the level IV presented
in Table 1 since a large ship, aircraft, or building lies in the limit between a system and
a system of systems. SE is, therefore, a discipline that accords with this attempt to
understand problems such as highly complex designs. Magee and de Weck [76] developed
a definition to distinguish complex engineered systems from other complex systems such
as natural systems. They define all complex engineered systems as real, open, artificial,
dynamic, hybrid (i.e., system states are both continuous and discrete), and having mixed
control (i.e., both autonomous and human-in-the-loop elements or subsystems). Most
advanced engineered systems are complex, such as a ship, aircraft, computer, etc. Several
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Table 1: Technical Systems Classified by Degree of Complexity [62]
Degree of
Complexity

Technical
System

Characteristics Examples

I (simplest)
part, compo-
nent

elementary system pro-
duced without assem-
bly operations

bolt, bearing
sleeve, spring,
washer

II
group, mech-
anism, sub-
assembly

simple system that can
fulfill some higher func-
tions

gear box, hy-
draulic drive,
spindle head,
brake unit, shaft
coupling

III
machine, appa-
ratus, device

system that consists
of sub-assembles and
parts that perform a
closed function

lathe, motor vehi-
cle, electric motor

IV
plant, equip-
ment, complex
machine unit

complicated system
that fulfills a number
of functions and that
consists of machines,
groups and parts that
constitute a functional
and spatial unity

hardening plant,
machining trans-
fer line, factory
equipment

works define and characterize this system of systems, and Hastings and McManus even
present a framework to understand and mitigate uncertainty in complex systems [58].

Another challenge consists of assigning numbers to complexity to evaluate it. In other
words, how does one measure it? The information theory approach provides some an-
swers. Kolmogorov relates complexity to the amount of information necessary to define
an object (or in this case, a system) [71]. Simpler systems require less information than
complicated ones. In engineered systems, the information necessary to define an object
is obtained not only from the system itself, but also from interactions of one system with
others. Dynamic systems have many more interactions among parts than static ones.
This increase in interactions can also be understood as an increase in information regard-
ing the system, and consequently as an increase in complexity, as presented by Norman
and Curas [23]. The well-known division in the maritime field increases complexity be-
cause the number of possible interactions (or necessary information to define the system)
is higher.

As interactions implies, a physical object (e.g., component of a ship) is not the only focus.
Interactions among stakeholders, design task, components, and other inherent aspects of
design gain importance and add complexity during the conceptual phase. Simon defines
hierarchy as a primary scheme to understand a complex system [101]. This hierarchization
consists of observing a system as a unit comprised of a large number of parts that interact
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in a non-simple way, meaning that it can be divided into a finite number of subsystems,
each of which may be divided further. Therefore, decomposition is the way to handle the
ability of a system to be separated into basic elements (i.e., decomposability), making it
more comprehensible. Simon realizes the difficulty of decomposing a complex system into
independent parts due to the high level of interaction that some systems may have, and
he proposes that a system with many interactions among parts and with other systems
can be nearly decomposable. This near-decomposability is a major facilitating factor in
the understanding of the system.

Good decomposition leads to rational encapsulation of parts, a construct that facilitates
the bounding of information according to one function/process, constraining the part
into a common ideal rationality/to-do purpose. Information encapsulation is a way of
accomplishing a bounding strategy, as observed by McClamrock [79]. By encapsulating
the parts of a system within a criterion, normally functional, one can focus on the overall
behavior of the subsystem as a black box - with respect only to its inputs and outputs
- and later compare this result according to the big picture of the system’s behavior.
Encapsulation also establishes an interface for each part (i.e., modules), allowing some
sort of interaction (e.g., information trading or physical connection). Decomposing and
encapsulating information aligns with Suh’s axiomatic design theory [108], in which he
defines a good design as an independent one (i.e., independency axiom), with the mini-
mum information necessary to define the part (i.e., information axiom). Suh’s methods,
however, are rarely used in maritime design problems due to strong dependence among
parts of a system, leading to violation of the independency axiom.

Traditional design methods link strongly to the mapping between form and function the
design task requires, as explained by Coyne et al. [33]. Design relies on model-based
engineering approaches to derive a behavior (i.e., technical/economic) from a physical
structure. As discussed in the introduction, this traditional division does not fully con-
sider the new kind of information necessary to define and design a ship today. New
elements such as environmental performance, risk, and future uncertainties can no longer
be ignored/constrained, requiring taxonomy to be incorporated during early stages.

According to Rhodes and Ross ([92], [93]), the evolutionary path of engineering is three-
fold: (1) initial constructs and conceptual approaches emerge; (2) quantitative approaches
are then formulated and formal methods are developed; and (3) methods are then made
executable through computer-based implementation. Although a ship is not purely an
evolutionary system, design that directs conceptualization of contemporary, highly ad-
vanced ships have a number of evolutionary aspects. Rhodes and Ross thus propose the
equivalent of classification for the engineering of complex systems, based on five essential
aspects. The benefit of this decomposition is inclusion of the current model-based sys-
tems engineering approach, which embraces the behavioral and structural current state of
practice, and the addition of three aspects: contextual, temporal, and perceptual. These
aspects extend system boundaries, giving attention to a system’s environment with un-
precedented levels of information. Table 2 provides a brief definition of the five aspects
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Table 2: Five aspects’ definition [92]
T

ra
d
it

io
n

a
l

Structural: related to the form of
system components and their inter-
relationships

State of the practice systems
architecting and design, and
emerging model-based systems
engineering approaches

Behavioral: related to performance,
operations, and reactions to stimuli

E
xt

en
d
ed

a
sp

ec
ts

Contextual: related to circum-
stances in which the system exists

New constructs and methods seek
to advance state of the art, for
example: Set Based Design, Ship
Design and Deployment Problem,
Epoch Modeling, Epoch-Era
Analysis, Multi-stakeholder
negotiations, visualization of large
data sets

Temporal: related to dimensions
and properties of systems over time

Perceptual: related to stakeholder
preferences, perceptions and cogni-
tive biases

that characterize this decomposition, and Table 3 summarizes the literature review of
complexity and complex systems engineering discussed in the papers.
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Table 3: Summary of literature review in complexity and complex systems engineering
Reference Topic Relevance for this thesis
Alexiou et al., 2010 [1] Complexity and Design Definition of complexity and application of

complex design thinking to social and tech-
nical systems

Ben-Ari and Chao,
2009 [18]

Systems engineering ap-
plied to defense systems

Complex systems engineering approach ap-
plied to the government defense systems
and the industry that supports it

Braha et al., 2006 [23] Complex theory applied to
engineered systems

Use of complex theory applied to biologi-
cal and artificial systems, focusing on defi-
nitions, design and general applications

Eisner, 2005 [39] Creative thinking applied
to large-scale systems

System engineering approach to complex
systems, using functional decomposition to
explore problem-solving strategies

Gama et al., 1994 [50] Design patterns Describing design patterns on object-
oriented software, such as interface and en-
capsulation

Hubka and Eder, [62] Theory of technical sys-
tems: a total concept the-
ory for engineering design

Traditional systems engineering approach,
with a definition of complexity based on
the number of physical components

Kolmogorov, 1983 [71] Information theory and
the calculus of probabili-
ties

Definition of complexity based on Komol-
gorov and the classification of complex sys-
tems

Magee and de Weck,
2004 [76]

A classification of complex
system

Definition of complexity based on Komol-
gorov and complex systems classification

March, 1994 [78] Decision making under
uncertainty

Decision making theory, applied to uncer-
tain situations, and the guess about the
future scenarios and futures preferences
given a scenario

McClamrock, 1995 [79] Information theory and
artificial systems

Use of encapsulation as a general principle
to deal with complex systems

Oliver et al., 1997 [86] Engineering complex sys-
tems with models and ob-
jects

Traditional systems engineering approach,
with incipient complex systems theory
thinking

Pahl and Beitz, 1998
[87]

Systematic approach to
engineering design

Traditional systematic approach applied to
systems design

Rhodes and Ross, 2010
[92], [93]

Five aspects taxonomy A taxonomy extending the traditional
structural and behavioral aspects of com-
plex systems, adding contextual, temporal
and perceptual

Simon, 1962, 1996
([101], [103])

Architecture of complex
systems

Seminal work on theory of complexity,
proposing hierarchization as a main princi-
ple to understand and handle complex sys-
tems (1962) and theories of design and de-
cision making applied to artificial systems

Suh, 1990, 2005 ([108],
[109])

Principles of axiomatic de-
sign (1990) and applica-
tions to complexity (2005)

Axiomatic design, introducing the inde-
pendence axiom and information axiom
(1990) and extension, linking the two ax-
ioms with complexity (2005)
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2.5 Summarizing the State of the Art

This section presents a critical summary of the state of the art, that is, important research
used as a basis for this thesis’ proposal that an essential way to understand complexity in
ship design is to relate it to a five-aspect taxonomy. The first three subsections lie within
the ship design domain, specifically conceptual ship design methods, the tackling of the
ship as a complex system design and the idea that information in ship design is growing. It
provides an overview of scholarly engineering literature concerning conceptual ship design,
including literature related to the fundamentals of the conceptual phase, characteristics
of ship design, and the most traditional design methodologies. In the sequence, the idea
of ships as complex systems, summarizing the common approach to understanding the
complexity of ship design by decomposing its structure in an hierarchy of systems, was
discussed. Literature in this category explores the idea that some ships are more complex
than others, and customization drives this complexity. The third subsection, information
growth in ship design, encapsulates the explosion of information influencing contemporary
ship design. A timeline of the primary advances in conceptual ship design, divided by
decades, summarizes a situation in which engineers face an increasing field of information
they have to consider in ship design.

The contemporary call to extend system boundaries led to the study of complexity theory,
more specifically within a systems engineering framework, providing a brief introduction
to complexity theory and how the five-aspect taxonomy makes it possible for systems
engineering to tackle the issue. The critical analysis of the state of the art summarized
above yields a number of conclusions. The first is that maritime design is a mature
field; it encompasses many well-established procedures designers can follow to produce
an effective design for the concept of a ship. Some of the methodologies presented such as
set-based and systems-based ship design explore the design space toward a specification
of a ship able to perform its mission. The unclear part is how to decompose, analyze,
and evaluate each of the emergent, contemporary factors required (Figure 2).

In spite of the advantages of working in an established design area, this issue relates to
the fact that ship designers can handle only a limited amount of information, meaning
a simplification in some aspects of the methodology such as a more rigid idea of mis-
sion or use of standard solutions rather than highly customized designs, which are more
complex since they require more information to be evaluated. Growth in information,
which designers must consider, continues to expand, exacerbates the complexity prob-
lem. Use of CAE and, more recently, the need to extend the boundaries outside the
structural/behavioral, including important contextual and perceptual aspects, typifies
this problem. Given that there are many views and understandings of the idea of com-
plexity, the complex systems engineering approach appears to fit well with this growth of
required information, or increased complexity, in the course of the conceptual ship design
problem because we are dealing with design of artificial systems. To handle this increased
complexity is not merely the same as designing more advanced ships or increases in size;
it means an efficient design process, able to produce a ship that will efficiently perform
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its mission, and provide value to in the face of many future scenarios.

My conclusion from the literature review is that the five-aspect taxonomy presents a
framework for extension of the system boundaries as they relate to conceptual ship design.
The structural and behavioral aspect approach, traditional and essential to any engineered
design, is incomplete in relation to the increasing needs of a contemporary ship designer.
For this reason, the taxonomy’s ability to consider contextual, temporal, and perceptual
aspects in addition to traditional structural and behavioral aspects opens space to study
and develop other techniques that address this new information.
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3 Research Approach and Initial Results

3.1 Research Timeline

This study was conducted in three stages. The first identified a challenging theme while I
collaborated on the project that funded the research, Competence Project for Conceptual
Design Methods for Complex, Customized Ship (Ship4C)3. The objective was to systemat-
ically develop new knowledge, competence, and methods to be used in the conceptual and
early design of complex, customized ships [38]. The second stage was receiving feedback
at conferences concerning conceptual ship design such as the International Marine Design
Conference (IMDC), International Conference on Computer Applications and Informa-
tion Technology in the Maritime Industries (COMPIT), International Symposium on Ship
Design & Construction (ISSDC), International Symposium on Practical Design of Ships
& Other Floating Structures (PRADS) and workshops with industrial participation, such
as the Co-operation between Nordic Maritime Universities and DNV (NORDIC). The
entire process, including co-supervision of master’s theses and projects with industrial
partners, became essential to explain that some topics did not comfortably fit the tra-
ditional model-based approach, and there are open research questions on how to handle
it.

Having established the research questions, the third stage consisted of developing and
applying complex systems theory to conceptual ship design, studying the problem of
how to extend analysis of conceptual ship design beyond the traditional categories of
structural and behavioral aspects. It yielded the question of whether the five-aspect
taxonomy provided a framework better suited to contemporary ship design. Part of this
research was conducted in collaboration with the Massachusetts Institute of Technology
(MIT). Figure 21 presents an overview of the primary activities during development of
the study. Details, and how those details led to the study, follow.

Figure 21 demonstrates that theoretical research like this involves many complementary
tasks in which the problem relies on understanding design knowledge in its abstract
sense. This humanistic science requires a different approach in comparison to the study
of purely technical performance, for example, a qualitative experiment able to measure
the efficiency of a new type of propeller, or the economic gain of considering fleet time-
window in the allocation of a ship into a contract. Design relies on the abstract idea that
an object (i.e., form) executes a function, and this abductive reasoning [33] is far from
fitting an exact cause-consequence framework.

The diachronic approach observed in Figure 21 compiles the primary milestones of the
study. The first year focused on a literature review connected to the objectives of the
SHIP4C project. Five sub-goals were developed to support the primary objective. The
first addresses a need to develop new methods for analysis and optimization of conceptual

3URL: www.ivt.ntnu.no/imt/ship4c
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Figure 21: Research timeline
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design. This process emphasizes early assessment of producibility, cost, operability, ro-
bustness, and risk. The second calls for developing and documenting methods and models
for ship conceptual design optimization. The context of a fleet and/or transport system,
emphasizing availability, ease of use, and robustness under seasonal route variations (e.g.,
due to ice) and continuous production, prompted this sub-goal. The third is to develop
and document product platforms, work processes, and best engineering practices that
will reduce time and effort spent in tender design package development from request to
delivery. The fourth involves developing methods to identify essential design drivers and
simplified design representations from large design models, with focus on assessing per-
formance differentials (i.e., What-If situations) rather than absolute performance levels.
The fifth calls for developing competencies and methods for exploitation of data em-
bedded in existing databases to support design decisions and provide input to tendering
documentation.

To pursue topics connected to these five sub-goals, the first stage of the research included
co-supervision of master’s students, projects in partnership with industry, and participa-
tion in the project Applying an Environmental Design Index to Offshore Support Vessels
(EEDI-OSV). This project was in cooperation between NTNU and Det Norske Veritas
(DNV), with the objective of developing and testing alternative design indexes to assess
overall environmental performance of OSVs [52]. This project directed the focus of this
thesis toward an environmental viewpoint, producing an extensive literature review on
ship design and environmental performance.

The summer of 2009 offered the opportunity to undertake another project in cooperation
with industry, a project titled Ship Machinery Configuration Comparison, focused on ship
machinery configuration performance. The objective was to investigate the possibilities of
developing a decision-support tool to enhance the machinery configuration process in an
early vessel design phase, including defining a methodology to evaluate ship machinery
configuration performance based on a given vessel operation. The scope also included
development of a simplified tool for comparing ship machinery configurations based on
the proposed methodology. Besides a technical report, another outcome was publication
at COMPIT ’10 [53]. This paper was important to understanding that no established
mode of considering multiple operational profiles during conceptual ship design could be
found clearly.

The last Ship4C project of 2009 in which I participated was the domain-modeling work-
shop, in cooperation with DNV and MARINTEK. The objective was to develop a system
domain model within the maritime field of research, defining and linking essential concepts
to facilitate communication in the research community [68]. This led to the realization
that a more general taxonomy was possible that was able to embrace many aspects of
one system. A compilation of the research produced until 2010, which is relevant to this
thesis, is discussed in the next subsection. The abstract of the paper published during
this period are presented in Appendix A.
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3.2 Initial Research Stage: A demand for methods to deal with
multiple operational profiles and environmental performance

For simplicity, let us say that the primary motives for improving a vessel design are
cost reduction, efficiency (which often is merely a variety of cost), and competitiveness
(making sure that you secure the desired or at least a sufficient amount of business)
- or some variety thereof. If we extend this line of reasoning, we would realize that
whereas operating cost reductions and efficiency improvements often require significant
initial investments (i.e., increased construction costs) and/or use of new and unproven
technology, resulting savings will mainly be on the fuel bill, and therefore the owner will
not see this directly. The only real motivation for the owner to invest in improving vessel
designs or operations is to make certain the vessels are as good as or slightly better than
the competition. The importance of this is chiefly that the vessel is increasingly viewed
as a part of a bigger, integrated system, implying performance of the vessel should also be
assessed based on the operating profile (i.e., mission profile) defined by the total supply
chain. A central point that influenced this research is the fact that highly specialized ships,
like many OSVs, may face many different missions during its lifetime. Data collected from
vessels in operation show that the operating patterns are often not as expected during
the design phase (Figure 22).

Figure 22: Example of data (velocity) collected from an AHTS operation

This led to the study of a ship’s mission, operational profiles, and operational states.
Each mission was classified as Standard or Customized. A mission thus was defined as
a set of operational profiles. The operational profiles performed by a ship relate to its
services and capabilities installed on board. By definition and at each moment, the ship
has to be performing one and only one operational profile. The total time of the mission
is thus the sum of the time spent in each operational profile. Each operational profile has
its own set of operational states, which can be changed for each operation that the ship is
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performing. By definition and at each moment, the ship must be performing one and only
one operational profile. The total time of the operational profile is thus a sum of the time
spent in each operational state. Each of the operational states links to a performance
indicator such as fuel consumption data or operability. Figure 23 exemplifies this result,
linking the mission with the operational profiles, operational states, and performance.

Figure 23: Representation of the relation between mission, operational profiles, opera-
tional states and performance.

A standard mission was assumed to be the one the vessel was designed for. Although this
might be a rational approach for designers in terms of providing a simple, transparent,
and manageable set of tasks, it may be oversimplified when looking into highly advanced
vessels. This is not to say that standardized missions are not useful. If the intended
application is to compare the vessel with an industry standard, or to document the energy
efficiency of a vessel without assuming any contracts or service, a standard mission is
preferable. A standardized mission also allows comparison of a large set of ships, analogue
in the way that IMO does with regression curves (IMO, [64]). However, this standard
mission will need to be directed toward the service profiles of ship type.

Figure 24 presents an example for a tanker, with a less complex set of demands than
an AHTS, and one Operational Profile and four Operational States: port, sailing laden,
sailing ballast, and charging/discharging.

A Custom Mission was defined as a set of Operational Profiles that reflects the actual or
intended mission of the vessel, based on a contract or a client-specific case. A Custom
Mission is useful, for example, when comparing alternative offers in a tendering process.
It is also the appropriate approach to calculate the performance of the vessels for a specific
mission. This approach, however, limits benchmarking of a small group of vessels to a
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Figure 24: Example of a tanker standard mission.

function such as an AHTS operating in North Sea or Transport of oil from Iraq to Europe.
Figure 25 illustrates this type of more customized mission for an AHTS.

Figure 25: Example of an AHTS custom mission.

A broad range of operational profiles led the study toward advanced machinery systems
that operate efficiently under various loads. In the OSV case, this machinery typically
includes diesel-electric or diesel-hybrid engine configurations, combined with azimuth and
podded propulsion. Although representing a significantly higher investment, these ma-
chinery solutions experienced increased market share based on improved energy efficiency
and a higher degree of flexibility toward the complex, demanding, and multi-faceted op-
erational profiles these vessels meet.
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This research allowed the study and development of a methodology that analyzes and
evaluates vessel propulsion performance given a machinery configuration. This was pub-
lished in [53] and is summarized in Figure 26. In short, the methodology begins with
a given mission, which leads to a set of operational profiles, and a vessel, which leads
to the primary design variables. Mapping between both is made, leading to a power
demand, which enters as input for the machinery configuration. Propulsion performance
is evaluated after the proper load distributions and loss estimations are made.

Figure 26: Vessel propulsion performance evaluation via machinery configuration point
of view.

Appendix A compiles the abstracts of five secondary dissertations, developed within the
Ship4C project in the initial stage of the research. These dissertations were the first stud-
ies of the new concerns of conceptual design, and represent research that was published
during the PhD.

Related to this development, two issues instigate interesting research questions. First,
how can we efficiently design these advanced subsystems in the early phases of project
development, based on the expected operating profile of the vessel? Second, how can
system performance in terms of cost, energy efficiency, emissions, flexibility, and avail-
ability be documented for the customer to increase the likelihood of winning the contract?
This motivated the sketch of what would become the research questions presented in this
thesis, connected to complexity theory and ship design. Receiving the Janson “Legat”
fellowship stimulated international cooperation.
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3.3 Complexity Aspects in Conceptual Ship Design

At the conclusion of 2010, it was clear that a ship’s design is a task that not only embraces
complex mapping between form and function, but also considers the ship both a whole,
organized structure, composed of several subsystems (e.g., propulsion, hull, equipment,
etc.), and as a part of a wider organization such as a fleet and the entire transportation
system. The same logic connects this logistical chain to the economic and social systems
of the world, transforming ship design task in a highly complex activity.

The Norwegian University of Science and Technology (NTNU) has broad expertise in
the maritime sector, but the study of how to handle complexity in intricately engineered
systems such as a ship is a challenge that has not been tackled extensively. The work of
Drs. Donna Rhodes and Adam Ross concerning complexity systems led to collaboration as
a visiting researcher working on the SEAri at MIT in the Fall of 2010. The mission of the
group matched the new focus of the research, stated as: to advance the theories, methods,
and effective practice of systems engineering applied to complex socio-technical systems
through collaborative research4. The group also has extensive publications related to
systems engineering and uncertainty, with many topics common to both Ship4C interests
and mine.

The SEAri group has contributed importantly to the understanding of complex engineered
systems, specifically within multi-attribute exploration methods and design under uncer-
tainties. Two recent papers published by SEAri in 2010 - Five Aspects of Engineering
Complex Systems: Emerging Constructs and Methods [92] and Shaping Socio-technical
System Innovation Strategies using a Five Aspects Taxonomy [93] - introduced an oppor-
tunity to apply advanced complex systems engineering to ship design. They presented
innovative classifications to organize system information using the five-aspect taxonomy
to identify new elements such as environmental performance and uncertain scenarios,
without constraining them to a purely structural or behavioral viewpoint. The paper
also introduced many SEAri techniques for handling uncertainty such as epoch-era anal-
ysis (EEA) and responsive systems comparison method (RSC). The taxonomy, however,
has not been applied to a practical engineering domain, which led to an opportunity to
implement and develop such methods in maritime design field.

Two topics related closely to SEAri research are worthy of exploration. The first is
understanding the complexity of the ship design task using aspects proposed by Rhodes
and Ross ([92], [93]) and paradigm change discussed by Minai et al. [23]. It consists
of studying classic ship design from the perspective of complex systems. I believed it
was possible to offer new insights to the field by applying the logic of complex systems,
for example, developing the five-aspect framework for ship design thinking. Another
important aspect I planned to study was how to handle complexity - design robustness
and scenario uncertainties - during the conceptual design phase. This was an approach
to two problems:

4URL: http://seari.mit.edu
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1. Given an operational scenario, how should the robustness of a ship’s design be
estimated? For example, in the practical case of a vessel that needs to perform a
mission consisting of diverse tasks A, B, and C to each of which a different time
percentage is allocated. How much can these time percentages be changed while
the design still fulfills the criteria? How can we understand such a simple case to
achieve a robust-by-structure design?

2. Given uncertainty in the external environment (i.e., the type of mission that a ship
will perform), how can uncertainty leading a design to perform better in scenarios
X, Y, or Z regarding criteria (e.g., low environment impact) be estimated? How
should novel/unexpected circumstances be handled in the early stages of design?
The works of Hastings and McManus [58] and Magee and de Weck [76]can be used
as a starting point to clarify this question.

In summary, my initial proposal for my time at MIT was to incorporate the Complex
Engineered Systems concepts into conceptual ship design, studying how to handle com-
plexity in the early stages of design, with focus on estimation of robustness toward changes
in operational profiles (A, B, and C) and uncertainties toward various (unexpected) sce-
narios (X, Y, or Z), developing a framework suited to handle complexity in the conceptual
ship design case and, with an understandable study case, able to present a framework
able to handle aspects of complexity that I have been studying.

The first approach at SEAri consisted of trying to answer questions such as: what does re-
search in maritime systems and systems engineering have in common? Much of SEAri’s
research focused on systems engineering theory, with applications primarily toward air-
craft and aerospace systems. Which of these techniques had similarities with ship design?
How should we bring innovation and insights into conceptual ship design based on these
new tools? Much of the initial work consisted of reading a paper with an innovative tech-
nique such as the EEA, and raising questions such as: Is there any equivalency in ship
design, and how can it be developed and applied to ship design? At this time, linked to
answer these questions, an outline of what would become Paper 2 and Paper 5 of this
thesis was sketched.

I faced this work both as a challenge and opportunity. It posed a challenge because even
if there were a taxonomy, it was very recent research, with no proper implementation of
it applied in a practical engineering field. Much needed to be researched and developed
to apply these principles to conceptual ship design. It offered an opportunity to find
an instigating and competent research team that had already published relevant research
that could provide me with a starting point for my research, and to be accepted to develop
this research in collaboration with them.

In April 2011, the plan started to take shape, resulting in the outline of what would
become paper 1 of this thesis. The proposal was to develop and apply more directly
the five-aspect taxonomy and a SEAri-developed method in a marine systems case. At
that time, the Ship4C project had just published a paper on ship design and deployment
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problems [96], and this opened a door to explore how such a technique merges with epoch-
era to handle contextually temporal complexity. A paper on this subject was completed
in September of that year and was accepted for publication three months later (Paper 1).

The third paper presented in this thesis binds the research in energy efficiency developed
in 2009/2010, from the complexity perspective. It applies the RSC method for opera-
tional lifecycle assessment of air emissions during the early stages, based on machinery
configuration, operational profiles, and air emission control methods.

The final months of the research focused on the perceptual aspect and the incorporation
of residual information, which cannot always be handled precisely. Professor Arnulf
Hagen influenced this thinking, and a paper linking the idea of value robustness with this
perceptual aspect was developed based on this discussion (Paper 4), finalized at the same
time this thesis was written.
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4 Results

4.1 Main Papers

This section presents the results of the research, organized as a main body (Sections 1
through 6) and collection of main papers (Part II), which underlie the core of the work
toward answers to the research questions. I am first author on the five selected papers and
two discussions, contributing the major intellectual input, implementation, and writing.
An explanation of the relevance of each paper to this thesis, and my contribution to each,
is:

Paper 1 (Journal):

Henrique M. Gaspar, Adam M. Ross and Stein Ove Erikstad: Handling Tem-
poral Complexity in the Design of Non-Transport Ships Using Epoch-Era Analysis.
Transactions RINA, Vol 154, Part A3, International Journal Maritime Engineering,
Jul-Sep 2012
Discussion published on Transactions RINA, Vol 155, Part A3, Jul-Sep 2013
DOI No: 10.3940/rina.ijme.2012.a3.230

Relevance to this thesis: This paper explores uncertainty in future sce-
narios through EEA and ship design deployment problem (SDDP). The combined
techniques handle contextual and temporal aspects since contextual elements are
decomposed into epoch variables and temporal elements into epochs and eras. The
SDDP provides an optimum solution for each chunk of time.

My contribution: I am first author and I wrote most of the paper, includ-
ing development of a mathematical model for EEA applied to a ship design case.
Co-authors contributed with guidance, revisions, and discussions. This paper was
sketched in April 2010 when Stein Ove Erikstad was visiting SEAri, and he wrote
part of the SDDP introduction and discussion. Adam Ross developed the EEA,
and Stein Ove Erikstad developed the SDDP. Both contributed with a discussion
of the text and critical review of the mathematical model.

Paper 2 (Journal):

Henrique M. Gaspar, Donna M. Rhodes, Adam M. Ross and Stein Ove Erikstad:
Addressing Complexity Aspects in Conceptual Ship Design - A Systems Engineering
Approach. Journal of Ship Production and Design, Vol. 28, No. 4, November 2012,
pp. 1-15
DOI: http://dx.doi.org/10.5957/JSPD.28.4.120015
Selected to be part of the Transactions of SNAME, Vol. 120, 2013 - with added
discussions

Relevance to this thesis: This paper defines complexity used in this research
and presents ship design as a complex system problem. It introduces the five-aspect
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taxonomy, dividing the aspects into structural, behavioral, contextual, temporal,
and perceptual. It applies each to the ship as a system. The RSC method is used
as a general approach to handle the five aspects in the early stages of design, with
a case example.

My contribution: I am first author and I wrote most of the paper, including
the mathematical model for the RSC case. Co-authors contributed with guidance,
revisions, and discussions. This paper was the first one sketched at SEAri, and
it took more than a year to complete since it defines the basis for understanding
the complexity aspects in conceptual ship design. Donna Rhodes and Adam Ross
developed the five-aspect taxonomy and the RSC method, which I use in the paper.
Stein Ove Erikstad contributed with a discussion when applying general theory to
the ship design case.

Paper 3 (Journal):

Henrique M. Gaspar, Océane Balland, Dina M. Aspen, Adam M. Ross and
Stein Ove Erikstad: Assessing air emissions for uncertain lifecycle scenarios via
responsive systems comparison method, Submitted to an international peer-reviewed
journal (June 2013).

Relevance to this thesis: This paper applies the responsive systems com-
parison method as a design tool for machinery configuration and assessment of air
emission for uncertain operational lifecycle scenarios during early stages of design.
The initial motivation of this work was to combine research developed for envi-
ronmental assessment, machinery configuration, and operational profile (discussed
in Section 3.2) with complex systems engineering theory through the responsive
systems comparison method.

My contribution: I was first author and I wrote most of the paper. Co-
authors contributed with writing, guidance, revisions, and discussions. Océane
Balland focused on the literature review of energy efficiency, air emission control
methods, and data for the RSC model, and Dina Aspen did the same for the lifecycle
topic. Adam Ross and Stein Ove Erikstad contributed critical discussions of the
text and the mathematical model.

Paper 4 (Journal):

Henrique M. Gaspar, Arnulf Hagen and Stein Ove Erikstad: Designing a Ship
for Complex Value Robustness, Submitted to an international peer-reviewed journal
(June 2013).

Relevance to this thesis: This paper discusses the elements important when
perceiving the goodness of a ship, linking the perception of a value robust design
with a rational decision. An extended definition of mission concept is presented to
handle the perception of value robustness in the early stages of maritime design.

My contribution: I am first author and I wrote most of the paper. Co-authors



4 RESULTS 53

contributed guidance, revisions, and discussions. Most of the ideas in this paper
surfaced while discussing perceptual complexity with Arnulf Hagen, and both he
and Stein Ove Erikstad contributed some writing and a strong critical review of the
structure of the paper.

Paper 5 (Peer Review Conference):

Henrique M, Gaspar, Donna H. Rhodes, Adam M. Ross and Stein Ove Erikstad:
Handling Complexity Aspects in Conceptual Ship Design, Proc. 11th International
Maritime Design Conference, Glasgow-UK, June 2012

Relevance to this thesis: This paper discusses a general approach to han-
dling complexity based on decomposition and encapsulation. It lists the primary
techniques that apply this general approach to each of the five aspects, with a final
example of an offshore support vessel.

My contribution: I am first author and I wrote most of the paper. Co-
authors contributed with guidance, revisions, and discussions. I developed this
general approach after a discussion with Stein Ove Erikstad. Donna Rhodes and
Adam Ross developed the five-aspect taxonomy, which I use in the paper.
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4.2 Decomposition and Encapsulation as fundamental premises
when dealing with complexity

The result of the thesis connects fundamentally to the first research question: which
general complex systems theory premises can be used to define complexity in concep-
tual ship design? The most self-evident solution would be that To handle complexity we
need simplicity. Yet, why is so difficult to keep the design of engineering systems sim-
ple? A reason, proposed by Sha [99], is that a better design involves pursuit of features
and performance; to achieve higher performance, to include advanced functionalities and
improve capabilities, means we should stretch the limits of our understanding, exempli-
fied by technologies and scientific advancements. Avoiding what we would call complex
methodologies is impractical in most cases. What is required is an approach that allows
us to exploit safely future scenarios and equivalent features available that will respond
better to each.

Among many known patterns of dealing with information, this research converged into
two strategies for simplifying complex engineered systems. Decomposition traces to 1962
and Simon’s principles [101], and 1983 and Kolmogorov’s bit [71], based on hierarchizing
and dividing the system into parts to a size small enough where the amount of informa-
tion necessary to define, and therefore understand, that part of the system is known and
manageable. Encapsulation consists of organizing each part based on a common bounding
strategy to conceal this internal complexity behind a simple and functional, well-defined
interface. The approach is based on decomposition and encapsulation, discussed in Pa-
pers 4 and 5. Decomposition simplifies the handling of a complex system by breaking
core aspects into smaller chunks or parts (or assemblies, subsystems, classes) for better
understanding of them and their mutual interactions, reducing information required to
sufficiently (for the purpose) understand performance of the overall system. Encapsula-
tion simplifies connection of parts with other parts, defining clear inputs/outputs. This
process combines smaller parts into larger subsystems or assemblies, with predefined in-
terfaces, thus reducing the number of interactions and the need for detailed information
(Figure 27).

Statement of a fundamental premise should be able to summarize into two patterns
the essence of handling complexity, that is, decomposition of the information necessary
to define the system into pieces small enough that one can understand (and therefore
manage), and encapsulate these pieces in its main categories. This general principle
connects to the desired outcome of dealing with any kind of complex systems, which is
to simplify it.

Computers are a current example of these principles in use. Decades ago, one would be
trained to handle computation of a simple algorithm, whether through punch cards or,
at a different time, floppy disks. Today, a much broader range of people carries powerful
computers in their pocket such as smartphones and use them daily. This advancement
was only possible due to handling of the large amount of information necessary to design
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Figure 27: Decomposition and encapsulation as a general approach to handle complexity
in systems.

Figure 28: Complexity related to the amount of information necessary to define the
system.
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these objects. A modern microchip contains many more single parts and connections than
a computer from the 1960s. However, it presents a well-defined boundary of inputs and
outputs, with pre-defined interfaces. This encapsulation occurs not only in the structural
part, but also in the perceptual, with an interaction that the user is much more friendly
on a level that allows even a child to use the object.

No one argues that the design of merchant ships should focus on operability by a child. It
is, however, possible to realize how these basic principles are also used currently in mar-
itime praxis. Modularity exemplifies decomposition of parts of a ship by their functions,
and an encapsulation constrained by technical or economic situations. For example, a
100-ton crane capacity at the shipyard will constrain the size and weight of the largest
block that can be transported. The next step is to understand how these basic strategies
apply to the conceptual ship design case.

Figure 28 represents the link between complexity and information, with two essential
principles. First, when a system requires more information to be defined, it is more
complex. Second, this information can be observed under many perspectives, and a
good system definition considers only those germane. In the remainder of this section, we
propose that the structural and behavioral aspects dominate when defining and evaluating
a complex system. These two aspects are essential in engineering, but used alone, they
exclude important information.
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4.3 Five aspects taxonomy applied to Conceptual Ship Design

Selection of decomposition and encapsulation as driver patterns to handle complexity
led to use of the five-aspect taxonomy, decomposing what should be considered impor-
tant information when conceptually designing a ship, that is, the kind of knowledge that
can be extracted from the factors discussed in the background presented in Section 2.4
and illustrated in Figure 28, including physical structure, performance expectations, and
market demand, among other factors. The next step was categorization of the current
literature on conceptual ship design in light of the taxonomy. All papers in this thesis
relate to this connection. The sections below summarize each of the five aspects - struc-
tural, behavioral, contextual, temporal, and perceptual - of the taxonomy’s relationship
to conceptual ship design.

Structural Aspect: The structure/behavior pair aggregates information covered ex-
tensively in traditional model-based techniques. The structure is decomposed and encap-
sulated in subsystems and components (Figure 14). Modern approaches transform classic
subsystem into modules. Andrews ([5], [12]) also uses systemic thinking and complex sys-
tems terminology when justifying his comprehensive methodology for ship design and a
creative approach to ship architecture [6]. For example, the author uses the building block
approach as a design method; once applied, it produces an informed and information-rich
preliminary design. The method presents a functional breakdown of the system into semi-
independent building blocks as a design technique. This strategy is a means of handling
structural complexity. An extensive study on this and other modularization techniques
is discussed by [45], presenting an overview of modularization related to shipbuilding and
emphasizing the modularization task, platform technologies during product development,
and tendering phase.

McDonald [80] uses Lamb’s number of unique parts in a product [74] to exemplify the
complexity of ships in structural terms. Caprace and Rigo [29] present an approach that
is an introduction to complexity thinking in the conceptual phase, suggesting a metric
to compare ships based on structural complexity. The formulation proposed is based on
the type and configuration of the ship. The metric is, however, focused strongly on the
structure and general configuration, leaving out aspects that should be addressed when
discussing complexity.

Behavioral Aspect: The behavioral aspect is approached in conceptual design by the
analytical tools used to evaluate each subsystem decomposed by the functional break-
down. The system-based ship design assumes that the design should start from the mis-
sion specified for the ship; the mission statement settles tasks, capacity and performance
(...) as consequence the design task structure to “define systems and functions - estimate
size and weight - select dimensions - check performance” [46] (Figure 13).
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Decomposing the behavioral aspect commonly means decomposing expected performance
of the ship into KPIs by using model-based tools. New approaches to estimate the be-
havior not only consider empirical data, but also rely on system simulation. As presented
by Bertram and Thiart [21], advancement of computational methods in recent decades
has developed, enabling more reliable simulation-based ship design. As observed by the
authors, design behavior is evolving from experience-based (e.g., regression analysis tools)
to simulation (e.g., discrete tools). These advancements permit increased information to
be handled during the conceptual phase, necessitating a discussion on the influence of the
simulation in ship design, such as Andrews and Pawling [10].

Some optimization techniques develop the behavioral aspect to handle uncertainty in the
input data, such as fuzzy logic modeling [54], and identification of an optimum design,
such as the ship design and deployment problem [47]. A compilation of the main advance-
ments and challenges in computer applications for ship design and analysis is discussed
by Sharma et al. [100], looking at computer-aided design, geometric representation, hy-
drodynamics, structure, production, and experimental testing.

Contextual Aspect: The challenge for handling the contextual aspect is the transi-
tion between constraint context parameters, usually technical and economic, toward a
more extensive and flexible decomposition that incorporates new social elements in early
phases (e.g., environmental performance and risk assessment). Uncertainties in the con-
text parameter and shifts/changes must also be considered. As noted previously, Andrews
defends more open observation of the initial requirements [14], proposing an elucidation
rather than “pure engineering,” while Hagen and Grimstad [57] defend this broader scope,
calling for a context that includes the transportation system, iterating the process from
the bottom (e.g., air emissions) to transport chain requirements (e.g., transport demand).

Environmental issues gained importance during the last decade ([51], [38]). The idea
of how a ship should be designed, to be environmentally friendly for example, is not
yet clear to the community. It can include several areas such as energy efficiency, low
emissions, biohazards, and being toxin free. Several studies are being developed primarily
with the objective of addressing energy efficiency and air emissions. Examples include
hull optimization [97], design of machinery configuration considering environmental KPIs
[53], and air emission controls optimization [15]. Risk is another important context factor
to be incorporated in the early stages. Risk-based design is a methodology that supports
and nurtures a safety culture paradigm during ship design by treating safety as design
objective rather than constraint [72]. Papanikolau [88] presents a compilation of recent
methods, tools, and applications during risk-based ship design.

Temporal Aspect: One common approach to handling the temporal aspect is lifecycle
assessment (LCA). The technique relates strongly to sustainability in that it quantifies
a parameter’s performance (e.g., environmental load or economic performance) through
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the entire lifespan of the system. Cabezas-Basurko et al. [28] present a study to encap-
sulate environmental, economic, and social sustainability during preliminary ship design,
proposing a holistic approach to maintaining sustainability. Fet [49] uses LCA to discuss
sustainability in shipping.

A limitation of the traditional methods is simplification of various contexts through time.
This limitation is justified by an increase in design complexity when designing under a
large number of shifts/uncertainties in the context of the system’s lifespan. The epoch-era
method [96] represents a decomposition-based approach to handling temporal complexity,
as exemplified in Paper 1 of this thesis. It captures alternative expectations about the
future by formulating distinct epochs (i.e., sets of contextual parameters) with a fixed
operating context, from which performance of each alternative design can be analyzed.
These epochs can then be combined into many possible eras, each representing a possible
lifecycle scenario for the vessel. This idea is explained in Section 4.5.

Perceptual Aspect: The perceptual aspect addresses satisfying the diversity of stake-
holder stylistic preferences [92]. It requires critical systems thinking [114] and elucidation
of requirements [14]. Later in the process, the ability to evaluate whether design A is
value robust or whether design A is more efficient than design B requires formal con-
struction of system KPIs, customized to each stakeholder’s preferences. However, the
possibility of analyzing a large design space toward a large number of possible scenarios
results in a huge amount of information to be handled. To handle this data implies, for
example, study of sensitivity analysis, uncertainty, and robustness of the design ([41], [97],
[115], [75]). Another common way to approach a multi-criteria study is decomposition of
stakeholder preferences in factors and the weighting of factors in an Analytical Hierarchy
Process (AHP) ([84], [24]) and/or through scoring functions.

Table 4 summarizes a selection of the literature review discussed in this section, organized
by the five aspects and its topic.

Understanding that a good taxonomy is crucial to decomposition and encapsulation was
one of the reasons to adopt the five-aspect taxonomy in the ship design case as a central
part of my research. The five aspects of a complex system, proposed by Rhodes and Ross
([92], [93]), keep the current model-based systems engineering approach, which embraces
behavioral and structural complexity aspects, and adds three other aspects: contextual,
temporal, and perceptual. The latter three extend design problem boundaries while
leading to a systems environment that is continuing to grow in terms of information. All
five papers presented as part of this thesis applies these five aspects into conceptual ship
design, with varying details. The fact that the concepts introduced in this taxonomy
are novel makes it necessary to provide overlapping explanations of these aspects; this
particular taxonomy has not been applied in the maritime field prior to this research.
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Table 4: Summary of recent conceptual ship design literature under the light of the
five-aspects taxonomy

Paper Aspect Topic

Andrews, 2003 [6] Structural Efficient Building block division - Building
block based design

Andrews, 2011 [14] Perceptual Requirement elucidation - Perception of re-
quirement elucidation rather than require-
ment engineering

Andrews, 2006, 2009 [12],
[10]

Behavioral Simulation on Preliminary Ship Design - The
impact of simulation in design, with building
block approach case

Bertram and Thiart, 2005
[21]

Behavioral Simulation application during early stages of
design - Simulation-based ship design

Cabezas-Basurko, et al.,
2008 [28]

Temporal Lifecycle assessment - A holistic approach
for guiding shipping and stakeholders towards
sustainability using economically viable, less
polluting and more human-friendly operating
models

Caprace and Rigo, 2010
[30]

Structural Complexity assessment during early stages
of design - Measurement of ship complexity
based on structural arrangement

Erikstad, 2009 [45] Structural Modularization - Modularization in shipbuild-
ing and modular production

Erikstad et al., 2011 [47] Contextual Ship design and deployment model - Opti-
mization model when designing for several
contexts

Erikstad and Levander,
2012 [46]

Structural,
Behavioral

System based design - System based design
applied for offshore vessels

Hagen and Grimstad, [57] Contextual The extension of system boundaries in ship
design to include more context elements, from
the fleet and subsystems

Levander, 2006 [75] Structural,
Behavioral

System based ship design, emphasizing struc-
tural and functional breakdown

Singer et al., 2010 [105] Structural,
Behavioral

Set based ship design, establishing of feasi-
bility before commitment, keeping good solu-
tions to evolve in parallel

Sharma et al., 2012 [100] Behavioral Computer applications for evaluating perfor-
mance during early stages via simulation and
discrete methods

Winnes and Ulfvarson,
2006 [117]

Perceptual Use of scoring functions to evaluate environ-
mental improvements

Whitfield et al., 1999 [116] Behavioral,
Perceptual

Multi-objective robust design methods in ship
design, with a robust framework containing
optimization tools and response surface meth-
ods

Ulstein and Brett, 2012
[114]

Perceptual Value Robustness - Critical systems thinking
to aid decision making and perception of value
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This work’s contribution consists of applying and categorizing the ship design task into
the taxonomy. In short, the structural aspect relates to the arrangement and interrela-
tionship of the physical objects in the ship. The behavioral complexity derives from the
form-to-function mapping. Technical performance analysis such as resistance and propul-
sion, seakeeping, maneuvering, stability, and strength is both mathematically complex
and computationally intensive. The contextual aspect defines external operating circum-
stances to which the ship is subjected. It consists of the external entities, interfaces, and
factors that influence the behavior of the ship and should be considered when designing
it. The temporal aspect of complexity refers to changes over time during a ship’s oper-
ational lifecycle. Shifts and uncertainties in this context such as a diverse operational
profile are also handled in this aspect. The perceptual aspect relates to how the ship is
interpreted from the perspective of system stakeholders through its lifespan. It not only
considers individual stakeholder expectations and preferences, but also how they vary
across stakeholders. Figure 29 illustrates these aspects.

Figure 29: Five aspects of complexity applied for conceptual ship design

Table 5 presents a compilation of methods to approach ship design through decomposition
and encapsulation of each aspect.
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Table 5: Decomposition and encapsulation of the five aspects applied to conceptual ship
design
Aspect Decomposition Encapsulation
Structural Modularization, identifying near independent

modules and defining criteria to create modules;
decomposition of the structural aspects via a dis-
cretization of the design variables, with a given
range max-min, creating a design space. The
evaluation and refinement of the design space
through a unified process, such as RSC, leading
to a flexible group of choices.

Defining inputs and outputs of each
module, in order to grasp the scope
of what belongs to the inside and
outside of each module; defining in-
terface criteria to connect one mod-
ule to another, enabling an efficient
communication among them.

Behavioral Functional breakdown, dividing the system into
subsystems according to a task to be performed,
then evaluating the behavior of each subsystem,
for instance, via simulation or regression analysis;
performance attributes in a concurrent engineer-
ing process, with the design space being evaluated
for all the contexts in the same phase.

Methods to reduce the size and
number of dimensions of the search
space, such as analysis of variance;
Response Surface and other similar
methods to encapsulate data from
simulation; Pareto sets and tradeoffs
analysis to select a subset of designs.

Contextual Decomposing context factors, taking into account
multiple scenarios, with different operational pro-
files and context parameters (market, technology,
and policy/regulations). For instance, via epoch
variables where context factors are decomposed
during the epoch characterization process.

Use of standard and customized op-
erational profiles, that is, a set of
context parameters with a fixed pe-
riod of time encapsulated in a mis-
sion/scenario/epoch.

Temporal Decomposition of the operational life-cycle into
chunks, such as in epoch-era analysis. First, di-
viding the life span of the system via a vector of
context parameters (epoch variables), with each
epoch representing a snapshot of a certain period
of time.

Lifecycle path analysis is a power-
ful way to evaluate the behavior of a
given design set under many alterna-
tive future scenarios. EEA offers the
concept of an era to encapsulate sce-
nario changes and uncertainties into
a time-sequenced set of epochs.

Perceptual Complex value robustness decomposition, taking
into account multiple stakeholders’ expectations,
perceptions, and preferences. Decomposition of
what is considered to be valuable, proposing a
utility range in the attributes able to grade de-
signs according to a certain performance attribute
value. Study of the residual information

Multi-objective methods e.g.,
Pareto plots/trace/sets, response
surface and AHP); attributes nor-
malized under a common utility
metric, facilitating the solutions
comparison and tradeoffs. It allows
a customized selection of the design
set towards specific decision-maker’s
preferences.
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4.4 Dealing with Structural and Behavioral aspects

The results on structural and behavioral aspects connect to the structure of the basic gen-
erate, analyze, evaluate, decide design process (Figure 8, from [42]). As observed in the
previous subsection, the structural aspect relates to the form in the basic form-function
mapping of the design. It includes the physical objects of the ship, as observed by Levan-
der in his system based ship design methodology ([75], [46]). As noted, this aspect relates
to the ship as a large, self-contained system with several highly integrated subsystems
such as: propulsion, hull, outfit, etc. Each subsystem contains many components, which
also consists of a physical structure, and interacts with other components, similar to the
classification presented in Table 1 from [62]. For the ship as a main system, all subsys-
tems must be provided by the vessel itself within a limited volume, in which changes to
one part might influence other parts through highly interactive relationships. This large
structure, the ship, also interacts with other structural components from the maritime
system (transport, service and/or naval), a system of systems in which it is included. An
overview of the structural aspect of the ship is presented in Figure 17 (Section 2.2).

The structural aspect of the subsystem follows similar logic. For the machinery case, it
includes the usual physical objects of the machinery system such as the propeller, main
engine, gear, transmission, generators, and shafts. All components must be within volume
and weight constraints, creating a highly interactive environment. This aspect also relates
to interaction of the propulsion subsystem with other subsystems. Figure 30 exemplifies
the type of subsystem used in this research. It contains the overall arrangement, with
parts and interconnections of the machinery such as number and type of components,
main powering capacity information, and a set of fuels compatible with the engines.

Figure 30: Machinery arrangement as example of structural subsystem (adapted from
[17]).

The behavioral aspect derives function from form, and it handled by technical analysis
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performed during design, for example, resistance, propulsion, seakeeping, maneuverabil-
ity, and stability. It is also the interaction between the system and a stimulus, either
internal stimuli from a subsystem (such as the propulsion engine) or external stimuli
from the environment (such as the waves). During conceptual design, the type of anal-
yses required to estimate ship behavior relies to a large degree on empirical formulation
and advanced engineering tools such as regression analysis models, finite element meth-
ods, and computational fluid dynamics. Traditional performance is thus estimated by
mapping between form and function to ensure in the conceptual phase that a ship X will
perform task Y. Over the past few decades, model-based approaches have been developed
to handle the structural/behavioral aspect, and are now at a mature level of practice
[92]. In addition to traditional, technical/economical tradeoffs, ship conceptual design
today requires estimation of the behavior across a broad number of areas, including, for
instance, risk, safety, and environmental performance, resulting in a more complex and
multi-objective evaluation function. Figure 31 illustrates the behavioral aspects.

Figure 31: Behavioral aspect.

Subsystem behavior is approached similarly. A purpose of this study was to evaluate
machinery behavior under multiple operational profiles. The process included the one
discussed in Section 3.2 (Figure 23). A mission was decomposed as a set of operational
profiles performed by a ship. Each operational profile had its own set of operational states
depending on ship function. Each operational state linked to a KPI [15], and behavior
was evaluated based on the process explained in Section 3.2, Figure 26. This process was
combined with ship design and used to evaluate the environmental performance of the
ship on two levels: 1) as design variables, similar to a parametric evaluation, by mapping
design variables into attributes, are explained in the RSC, Section 4.7 and 2) as behavior
in terms of its installed capabilities and consequently the ability to meet a contract. No
formal assessment of the fleet was conducted; however, the study of a vessel in terms of
its capabilities enabled the same type.
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Structural and behavioral aspects dominate when determining the primary design spec-
ifications of a ship. Clearly, these two aspects are the basis of each design, essential in
the soul of the engineering process. Used alone, they exclude important information,
discussed in subsequent subsections.
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4.5 Dealing with Contextual and Temporal aspects via Epoch-
Era Analysis

The contextual aspect consists of external entities, interfaces, and factors, outside of the
control of ship designers, which may influence system behavior and should be considered
while designing it. Traditional contextual aspects are usually fixed and predetermined
during the requirements elucidation phase. It usually includes a scenario, with a fixed set
of market variables and regulations (Figure 32).

Figure 32: Contextual aspect.

The dynamic properties of the context lead to changes in external entities that might
influence the system over time. The temporal aspect characterizes those shifts of the
context during system lifespan. Uncertainties concerning how contexts might unfold are
also incorporated as part of this aspect, for example, uncertainty related to the operational
profile of the ship or due to estimation of future contract scenarios (Figure 33).

An important component of this research was decomposition of contextual and temporal
aspects, with the intention of implementing these factors into ship design. Traditional
system-based design methodology normally considers a rigid set of pre-defined context
variables, usually static in time. By decomposing these variables regarding maximum and
minimum and quantifying what type of behavior is expected from them in the future,
we are able to apply the established design process exemplified in the previous section to
evaluate the behavior of a design set (e.g., structure) under a large set of various future
scenarios.

A result of the need for multi-scenario evaluation was introduction, development, and
implementation of Epoch-Era Analysis (EEA) as a tool to handle the contextual and
temporal complexities that arose. The EEA method proposes a useful representation of
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Figure 33: Temporal aspect.

the context as an interval of time with a static set of contextual factors forming an epoch
- from the Greek epokhé, which means a fixed period. Several epochs create a dynamic
interval of time, a time-ordered set of contexts defined as an era.

EEA apply premises discussed in Section 4.1 to the problem, decomposing context factors
into epoch variables, which are presented within a range of values, connected to future
expectations. The encapsulation provided by analysis of each epoch provides a simple
interface of inputs - a design set analyzed for each epoch - and its consequent output -
vessel performance for each epoch - concealing performance evaluation behind a simplified
interface.

EEA handles the temporal aspect by dividing system lifespan into a series of epochs.
Significant changes in contextual factors trigger the start of a new epoch, and changes
include various context parameter values, which can be certain or uncertain. In the
case of the design of non-transport vessels, these parameters relate to four categories.
Field Development relates to opening of a new market, which might require different
technology to be on board such as ice class for an oil and gas field in the Arctic or ultra
deepwater equipment for operation in the Brazilian, pre-salt, offshore market. Technology
Development is when a new technology appears on the market (e.g., new machinery),
requiring a different type of fuel, or strengthened steel foundations on the hull and main
deck, altering the capabilities of a vessel. Policy and Regulations relate to the regulatory
aspects of the context such as creation of a new emission control area (ECA), limiting SOx
or NOx levels (SECA/NECA). New rules relate to dynamic positioning or fire-fighting
and even a mandatory air control method to prevent environmentally harmful emissions.
The last category connects to the Market Trends, considering shifts in the market, with
alterations in the fuel and freight price, high or low demand condition, and potential spot
market options (Figure 34).
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Figure 34: Decomposition of contextual and temporal aspects via epoch-era.
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The same principle applies to the temporal aspect. Future scenarios are represented by the
discretization of parameters, from a range that considers uncertainties and expectations.
The sum of all epochs defines an epoch space. Expectation categories are discretized into
a vector of epoch variables, or group of uncertainties. The next step consists of enumer-
ating the variable, which might include selecting a unit for the variable, and its range
of minima and maxima, the number of steps, and, optionally, weighting factors related
to the impact of a given epoch variable in comparison to others. In the case of AHTS,
each epoch variable represents a possible categorical change in a contractual scenario, and
is instrument in mapping between context parameters and vessel performance. An era
represents the full lifespan of a system, and is constructed by a time-ordered sequence of
a given set of epochs. This sequencing must obey consistency rules in the epoch variables
such as continuity constraints in the end of epoch e and beginning of epoch f, and con-
sistency in the progression of epoch variables. For example, a new oil and gas field that
begins operation in 2015 will likely not disappear in 2020 and reappear in 2025. However,
it is possible to have an era during which such a field starts in 2015, another in 2020, and
a third in 2025. Stakeholder preferences such as all/no eras that must contain X can also
be incorporated.

Observed under classic economic concepts of temporal complexity, EEA allows for short-
and long-run analyses. The short-run is characterized by a period in which context
parameters are fixed and do not change, that is, an epoch. The short-run possibilities,
for example, include ranking of the best designs by revenue in each epoch, using the
total revenue of the path as utility parameters. A probability weight can be assigned
to each epoch, reflecting the likelihood of occurrence. The long-run is characterized by
the lifetime period across which parameters may change, that is, an era. The ability
to incorporate changes in the lifetime of a system by assembling epochs gives a variable
facet to the era. It leads to long-run analysis, incorporating the amount of time necessary
to make all production inputs available, which in this case is the entire contract/design
deployment. The long-run deals with maximization of profit over an extended period. In
addition to the problem of how to ensure correct assembling of an era, with discontinuities
and constraints of the given context changes, the primary problem becomes era space.
Since the potential era space grows exponentially with the number of epochs, sampling
or constraint-based strategies should be used to manage the number of evaluated eras.
In the long-run, the epochs are used as modules that can be combined to create the full
lifetime of a system, that is, the eras. It is assumed, for example, that the profit for an
era can be estimated by summing epoch revenues of that era minus the cost of the ship.

Construction of an era begins with the definition of epoch transition rules, which imposes
continuity constraints and variable consistency [96]. The EEA technique offers an explicit
benefit to scenario planning problems such as ship design deployment problems (SDDP)
[47]. In these cases, selection of a design in the conceptual phase is driven by assessment
of the economic return of such a choice in an uncertain future. EEA is a tool malleable
enough to deal not only with non-transport ships, but also with the majority of temporal
aspects of ship design scenario planning problems.
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The EEA approach was developed to demonstrate the context and temporal parameters of
encapsulation and decomposition. However, the methodology can be adapted as needed.
Another consideration is to realize that the case presented is a theoretical study. Shipping
involves a high degree of risk, and probability distributions of profit for a case with real
data and assumptions should contain much more information than a single profit plot. For
example, they should include how the epochs most likely influence a design’s performance,
or, similarly, changes in the probability distribution of the contracts should be considered.

In summary, the EEA approach represents a divide-and-conquer method for handling
temporal complexity. The shipowner, facing an uncertain future over the 20 to 30 year
lifespan of the ship, with possible variations in a number of dimensions, can use the EEA
approach to consider manageable chunks in the form of epochs. These epochs provide a
foundation for a quantitative performance evaluation of alternative designs, while at the
same time offer a means to communicate about future expectations as part of story-telling.
Within an epoch, the SDDP is used as a means for translating the context parameter
values into a form suitable for performance analysis, the epoch variables, by generating a
contract scenario for which a given design optimizes revenue. Combining these epochs into
eras, the lifecycle performance of a given design can be found by aggregating performance
of the epochs it contains.

My conclusion is that a combination of the SDDP and EEA methods is an efficient
approach to handling contextual and temporal complexity problems in early ship design,
providing a modular approach to handling uncertainty from a computational perspective
and by capturing expectations about the future into manageable chunks.
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4.6 The perceptual aspect and the importance of complex value
robustness

This last aspect relates to how the system is interpreted from the perspective of system
stakeholders. For the sake of example, let us analyze the main stakeholder and needs
of an OSV. The direct beneficiary is, naturally, the owner and operator since the vessel
must be attractive to get a contract and provide efficiently services demanded in the
contract. It is assumed that the concept of safety considers the protection of human
life and environment, and efficiency connects primarily to fuel and the cost (or savings)
connected to it. The indirect beneficiaries connect to the OSV during its lifetime, in-
cluding the charterer, who demands efficiency regularity, a green image and safety; the
owner’s shareholder and the return on investment expected from the ship; suppliers, who
see the ship as a potential sale in equipment; regulators and classification societies, who
also want to sell services and be assured they are performing their role in protecting
the investor, society, and environment; designers, who seek profit, build their brands,
and exploit platform opportunities; government, which sees the ship as a source of jobs
connected to development of the domestic industry and national content.

The perceptual aspect embraces all others, plus the abstract notion of value exhibited by
each decision-maker, that is, their individual preferences (Figure 35). With the addition
of multiple viewpoints, sensitivity analysis becomes more extensive and complex (i.e.,
requiring more information). This aspect answers the question of how behavior X of
system Y in context Z is perceived at time T by stakeholder S?.

Figure 35: Perceptual Aspect.

The initial approach to handling the perceptual aspect was based strongly on the propo-
sition discussed previously in this thesis; the traditional challenges during the conceptual
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ship design phase such as precise estimation of the cost of a ship or its optimum size for a
given demand are insufficient to address the needs of efficient solutions for shipping in the
future. One reason is that the maritime industry, like other important sectors of society,
is adjusting to a bigger “claim” in which the idea of optimum design and cost cannot be
considered easily in isolation. Increased attention has been given to other elements such
as environmental aspects, risk awareness, and a rapidly changing commercial and regu-
latory environment. This proposition finds support in a compilation from Michel et al.
[81], with an online n-gram5 database of the English corpus containing over five million
books. Although not all articles relate to engineering, the authors offer many examples
of how this quantitative analysis of culture (culturomics) can be used as evidence for
scholars in many fields, reflecting the written dynamic of society through the last century
quantitatively. Figure 36 presents a plot from this database, supporting this contention,
with the frequency of words cost and risk from the period 1908 through 2008. The corpus
demonstrates that the general and traditional idea of cost has been dominant over the
past century, to be surpassed by the idea of risk around 2000.

Figure 36: Frequency of words cost and risk in the English corpus from the period 1908
through 2008.

An educated guess suggests that the value of a system, as a ship, cannot consider cost
(or value) purely monetarily, but incorporates the necessity to tolerate risk or, in other
terms, designing a system to achieve robust value toward risks faced. This leads the focus
of the research to the perception of value robustness in ship design. Value robustness
is the ability of a system to continue to deliver stakeholder value in face of shifts in
context and needs [95]. During ship design, this means a ship perceived successful by
stakeholders. Rather than maximizing value delivered by a ship in one situation, we
need to maximize it over a range of expected situations and preferences of the owner (or
other constituent). This might reduce the maximum possible reward but also minimize
the maximum possible loss, with relevance increasing as uncertainty grows and investors

5A n-gram is a sequence of letters of any length.
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become more risk-adverse. As explained by Devanney [36]: at current and likely bunker
prices, a well-designed VLCC will be operating at maximum speed only in a full scale
boom, less than 10% of the ship’s life. Most of the time, the ship will be operating at a
percentage of full power, often much less than full power. Stakeholders’ expectations on
this gain or loss, thus, can change or be constant, and those expectations (i.e., certain or
uncertain) must be incorporated in design.

The challenge becomes how to incorporate these expectations since future value is uncer-
tain. The research suggests that each previous complexity aspect includes uncertainty,
varying from imprecision concerning dimensional measurement of an unforeseen, external
event, influencing the entire system’s lifecycle. Since complexity increases directly when
the amount of information necessary to define a system increases, so do uncertainties
increase (Figure 37).

Figure 37: Illustration of the relationship between complexity and the uncertainty con-
nected to each aspect.

Uncertainties regarding the structural aspect relate to imprecision of a system’s physical
characteristics. It varies from a“trivial”50 mm difference in the size of sister ships Allures
of the Sea and Oasis of the Sea [106] to a serious failure and capsizing as in the classic
Liberty ships welding defects during fabrication [111]. The behavioral aspect associates
with uncertainty of expected performance after a stimulus. A classic example is the
inherent uncertainty in the calculation of hull resistance from Holtrop and Mennen [61]
and other empirical methods, and even in new, discrete methods such as CFD and FEM
assessment [100].
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Entities external to the system have contextual and temporal uncertainties. They consider
unexpected stimuli such as a non-planned operation, new regulation, and changes in trade,
and environmental control areas (ECAs) are examples of these changes. These types of
decisions affect not just the ship, but also fleet aspects. Questions that must appear
during early design phases include: How many ships need to be ECA compliant? Should
new builds be made ready for a change in a future scenario, or should all adaptations
costs be accepted later? Even the whole transportation chain may be affected since the
number of ships requiring refit may be minimized if the shipowner is able to alter fleet
size and mix or the setup of services.

The perceptual aspect must also involve uncertainty about the perception itself (i.e., cap-
turing the value robustness of a system) combined with accumulated uncertainty from
structural, behavioral, contextual, and temporal aspects. This occurs nonlinearly since
uncertainties “reinforce” each other and the appreciation of utility changes with the sit-
uation. For example, we are more inclined to accept more risk when there is little risk
to start with than in an already high-risk climate [112]. Another insight (Figure 37) is
the idea that new elements and technologies influence the shape of the curve, relating
uncertainty and complexity. New drivers increase the complexity of the system since
laws, regulations, players, and constraints are added continuously or change. However,
research and development is constantly creating new technology and scientific methods
to better handle this complexity. One current example is in the case of air emissions,
with tighter regulations and criteria, and at the same time, an increasing set of possible
solutions and improved optimization methods to select the most cost-effective strategy to
comply with those regulations [15]. No matter how good the methods and technologies
are, we are always left with significant residual information.

The assumption then is that the degree of robustness a system must have connects
strongly to the amount of uncertainty the system will face during its lifetime. For the
sake of argument, let us say that one is certain about a fact, for example, the nature of
the buoyancy force. No one really believes that in a future scenario we should construct
ships considering a change in this basic principle, or that we should prepare the hull for a
gravitational constant two or three times bigger than the one currently in use. However,
natural phenomena with significant variations such as freak waves and hurricanes are
more uncertain. Thus, one needs to decide, for example, whether an offshore platform
must withstand waves as large as the North Sea Draupner wave or the Gulf of Mexico’s
Katrina hurricane winds ([59], [70]). The same type of reasoning applies to uncertainties
such as prediction of market situations, future demand, freight rates, and stakeholder
preferences. When discussing complex artificial systems (i.e., artificial science), there
may not necessarily be an explicit relationship between cause and effect as one observes
in natural sciences, but a field of factors that, combined, leads to a probable outcome
([103], [78]). By residual we mean information that cannot be quantified, even though
it is necessary to evaluate a complex system fully, inserting it in the scope of a residual
category [102]. It means the information that due to reasons of ability or capacity or time
constraint, must remain unknown, creating inherent uncertainty, and therefore requiring
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robustness.

It is possible to analyze future scenarios for the OSV case using three archetypes: posi-
tive, neutral, and negative expectations. A positive future connects to continued economic
growth, coupled with ordering discipline from players. Emergent countries, for example,
will continue to drive toward growth and creating new opportunities, and are also likely to
cause continued high contract prices and strong demand. The expectation converges on
higher contract prices, more customized ships, and greater supply capacities. Neutral ex-
pectations connect to moderate economic growth, with fluctuation in the supply/demand
balance caused by over/under ordering and other offshore market occurrences. Moderate
growth still means continuation of current oil and gas fields, with slow opening of new op-
portunities in emergent countries and stability in current European and American fields,
with moderate demand. A slowdown in economic growth connects to a negative scenario,
with emergent countries canceling current plans to expand offshore such as cessation of
the opening of new, deepwater fields in Brazil. In this case, oversupply of vessels will get
worse, and fuel and crew cost will be at a medium level. Weaker demand, however, will
lead to low contract prices and low sailing speed.

To investigate the relationship between robustness and uncertainty, the research proposes
a graph such as the one shown in Figure 38. This relationship complements Figure 4
since more uncertain scenarios require more robust systems. By diminishing residual
information, one may select a less robust, more optimized system. Additional technology
or research may improve the correlation between both concepts, or extend practical limits
within time/cost constraints.

In theory, residual information concerning system performance can be minimized when
we encapsulate, freeze, and consider all possible factors. This theoretical option of analyz-
ing tradeoffs among many possible solutions in even more possible scenarios is, however,
limited by physical memory and computational power, such as Bremmerman’s limit [108].
In practice, another type of constraint influences much more: time and cost. In the real
world, there is neither time nor resources sufficient to produce and analyze all imagined
scenarios, even if the technology to do so is available. Decisions need to be made in-
creasingly faster, increasing residual information and therefore risk. March ([77], [78])
calls these deadlines and commitments part of an infinite game with ourselves since we
treat preferences strategically rather than absolutely. Understanding how much value
robustness is required relies on understanding how much residual information associates
with each complexity aspect. Traditionally, the focus of a design project is, as previously
noted, on structural and behavioral aspects since they are understood well in engineering
practice. Although the other three aspects are not new to engineering, we corroborate the
opinions of Rhodes and Ross [92] that they have not received adequate focus given their
importance to engineering value systems. It may not be wrong to state that this lack of
focus relates to lack of established techniques to handle and control these other aspects,
due to their high uncertainty and residual information. Not being able fully to control
these elements, however, does not mean that one is unable to obtain some understand-
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Figure 38: Illustration of the relationship between required robustness and certainty of
known.

ing and cause-consequence relationship. The ambiguity of accepting residual information,
hence, is not a fault but a form of intelligence ([77], [78]) that requires refinement through
science and technology.

To obtain practical outcomes from this complex viewpoint, the presented ideas on value
robustness and rational decision-making required translation to complex systems model
methods. This is clearly a challenge, due primarily to the difficulty of decomposing and
quantifying its factors. The methodology presented in the next subsection works as a
proposal, intended to place handling of the five aspects under a common framework.
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4.7 Responsive systems comparison as a method able to incor-
porate the five aspects

A natural step was to investigate a method that incorporates the five aspects concurrently.
The responsive systems comparison method (RSC) [94] was selected among many other
SE methods to address complexity aspects since the method offers a suite of techniques
adaptable to a broad range of complex systems, not just a type of ship or scenario. It
is not a stand-alone technique; it has the advantage merging with many traditional and
novel design methods. It also accords with the SE definition of complexity, handling it
by decomposing and encapsulating the information necessary to define the system.

The RSC method represents an efficient approach to the five aspects. Structural handling
is conducted through decomposition of the structural aspects via discretization of design
variables with a given max-min range, creating a design space. Evaluation and refinement
of the design space though the processes leads to a flexible group of choices, not based on
a single design point like the traditional spiral method. Performance attributes guide the
design set choice, which is evaluated through a series of possible contexts, tackling the
behavioral aspect. The design space evaluation process is less iterative than the tradi-
tional spiral, related more to the concurrent engineering process since all design space is
evaluated for all epochs in the same phase. This allows parallel evaluation of performance
attribute evaluations, making design comparisons faster. Context factors decompose dur-
ing epoch characterization. Therefore, a large number of scenarios are evaluated in the
following process, capturing expectations and uncertainties. A discrete context allows for
manipulation of future scenario constructions through era construction, therefore dealing
with the temporal aspect. Lifecycle analysis is a powerful way to evaluate the behavior
of a given design set under many alternative future scenarios. The method also has the
advantage of considering multiple stakeholder perceptions. It begins with defining what
is valuable and proposing a utility range in the attributes able to grade designs according
to a performance attribute value. The attributes are also normalized under a common
utility metric, facilitating solution comparisons and tradeoffs. It allows a customized
selection of the design set toward specific decision-maker preferences.

Part of the current research focuses on understanding, implementing, and developing the
RSC method toward conceptual ship design scenarios. This led to adaptation of Ross
and Rhodes’ flowchart for the process shown in Figure 39.

The value-drive context is the first step, capturing the overall problem statement. It
consists of selecting the value proposition for a design, key constraints, and context and
stakeholders to be considered. This process filters information, establishing expected
results for a design to be value robust under stakeholder perceptions. This information
links to the perceptual aspect, and must be gathered into an efficient statement of the
problem to define and evaluate the designed system. Summarily for the AHTS case, it
means a ship performing its mission efficiently, comprised of supply, anchor handling, and
towing tasks. This process influences strongly the definition of what is a value robust
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Figure 39: Responsive systems comparison method applied to the design of offshore
support vessels.
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design, that is, what is the problem, why it is important, who cares about it, and which
types of value are required for a solution to be satisfactory over its lifespan.

The second step consists of the value-driving design formulation in which needs and
requirements are expressed as objectives. It includes decomposition of the mission of the
ship, design assumptions, and the primary performance attributes to achieve these goals.
The process contains two parts: first, the quantification of performance attributes, with
a range of minimum/maximum values based on stakeholder preferences. The attribute
performance reflects the behavioral aspect, and the definition of acceptability, that is,
acceptance ranges of the attributes along with utility function, as perceptual. The second
part is generation and proposition of the concepts and associated design variables. Those
variables are the decomposition of the structural aspect, which will drive stakeholder-
expressed attributes.

Epoch characterization follows, dealing with potential contexts in which a ship will be
inserted. It includes operational variables such as percentage in time supplying, anchor
handling, and towing, and external constraints such as regulations and market fluctua-
tions. Discussed in Section 4.4, it considers contextual information and transforms these
into parameters to describe not only a fixed context (e.g., a snapshot of the present sit-
uation) but also alternative, potential contexts resulting from shifts and uncertainties.
The interval of time within a fixed set of contextual factors, that is, a vector of epoch
variables, is encapsulated in an epoch. A potential epoch space is defined at the end of
this process, with enumeration of many possible epochs to create a set of contexts. Each
epoch encapsulates a fixed context, that is, a snapshot of a certain period in which the
epoch variables will not shift.

The fourth step, design tradespace evaluation, is a process in which many design alterna-
tives in each selected epoch are evaluated in terms of (performance) attributes, utilities,
and costs of each design. It means applying the basic design process to a ship, evaluating
its behavior for each scenario. Many computer tools are available on the market to cal-
culate primary attributes given a range of design variables, based on regression analysis,
analytical and discrete models, etc. Optimization methods can also be applied. The main
function of this process is decomposition of the behavioral aspect, offering understanding
of the design space. Evaluation of the design space converges (i.e., encapsulate/filter)
into a set of selected designs (e.g., via Pareto set). After evaluation, the product is a
large amount of data, the analysis of which is conducted in the following processes.

Multi-epoch analysis begins the process of organizing data obtained from process (4).
This produces a large number of ship design descriptions, organized by common metrics,
the utilities and costs defined in process (2). Selection of designs that will be part of
the next process can be done in many ways. The temporal aspect is decomposed into
epochs, and it is possible to evaluate the design space behavior in each of these epochs, for
example, comparing how ships A, B, and C will behave in scenarios X, Y, and Z, ranking
and quantifying the result. Evaluation of the design across these epochs contributes to
filtering or classification of the most robust designs, considering probabilistic distribution,
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stakeholder preferences, and extensive epoch space searches.

Era construction, the sixth step, is the phase in which to develop timelines based on
the epochs. They connect to the expectation discussed in Section 4.6, with general
archetypes positive, neutral, and negative. Various potential eras will be generated during
era construction, which results in a group of eras arranged in a way that represents
potential lifetimes (eras) the AHTS may face. This process promotes understanding of
the impact of time-dependency within selected lifespan scenarios for potential designs,
including time sequences of such point scenarios as high expected demand, followed by a
crisis, followed by changes in regulations or emergence of new technologies.

The last process, lifecycle path analysis deals with strategies to sustain the value of designs
across potential eras. Lifecycle path analysis allows for an understanding of the cost of
modifications that designs possess to perform better when a shift in one of the epochs in
an era occurs, such as CAPEX/OPEX analysis of installing a new capability [15]. This
process answers two questions: Which modifications do the designs need to perform better
within a given era? and What are the costs and benefits of these changes?

The conclusion is that the RSC method accords with the current aim of this research
for a new method to handle complexity in the early stages of design. For example, the
tradespace evaluation process shares some characteristics from the set-based design [105]
to deal with structural and behavioral aspects such as establishment of feasibility before
commitment, keeping good solutions to evolve in parallel instead of remaining with a
single point. Fuller appreciation of the RSC method is possible through handling of the
contextual, temporal, and perceptual aspects. The multi-epoch and era analysis allows
for the modeling of uncertainties, handling the contextual aspect and evaluating many
contexts at the same phase of design. The temporal aspect appears in these processes,
including changes to the context over time, and creating tradeoffs among designs under
varying scenarios. Lifecycle path analysis proposes strategies to adapt designs to perform
better across unfolding era uncertainties. The perceptual aspect is exploited by use of
What-If situations, through era construction and lifecycle analysis. It means not just one
design is evaluated, but a design set, comparing each solution for each of the envisioned
scenarios.
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5 Discussion of Contributions

5.1 Main research contributions

This section compiles the contributions of the research to the state of the art, presented
in two parts. First is an overview of the research contributions, connected to research
questions and results. Second is an analysis of the contributions from each paper, more
connected to the gaps regarding the state of the art.

The four primary contributions of the thesis to extant conceptual ship design engineering
literature are summarized as a cascade of factors: characterization of conceptual ship de-
sign as a complex systems engineering task; decomposition and encapsulation as a general
principle to handle complexity during the conceptual phase of ship design; categorization
of the conceptual ship design task through a five-aspect taxonomy; and development and
improvement of methods to handle the five aspects. Regarding handling of each aspect, a
subset of four contributions includes: investigation of structural and behavioral aspects,
merging traditional and novel techniques; using epoch-era analysis and a ship design
deployment problem to handle contextual and temporal aspects; using complex value ro-
bustness to handle the perceptual aspect; and integrating and assessing concurrently all
five aspects in a theoretical framework through a responsive systems comparison method
(Figure 40).

Figure 40: Thesis’ contributions.
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The ship design as systems engineering is a well-accepted concept, but incorporation of
complex systems engineering methods (C1) lays the foundation for dealing with the type
of not well-understood information discussed in the background. The first contribution
is necessary as a reinforcement of the statement that conceptual ship design is a complex
systems engineering problem. Although not the strongest contribution of the research,
this statement is necessary to avoid an oversimplified notion of a ship, neglecting impor-
tant information that should be considered. This thesis exemplified this oversimplification
by the traditional assumption of designing a ship for a small set of operational profiles,
without considering the contextual, temporal, and perceptual aspects. The danger is
simplifying a design procedure in a way that the final option appears optimal or efficient
enough when it is not.

The following contribution (C2) filters many design approaches into two fundamental
patterns to handle complexity. Characterizing ship design as a complex system problem
led to recognition of many facets the meaning of complexity may have, and selection of a
definition based on the amount of relevant information naturally conducted the research
toward a search for a general approach to handle complexity in the conceptual phase of
ship design. This work presented a search for a high-level pattern found in many of the
scientific techniques that deal with complex systems. Herbert Simon [101], Eisner [39],
Gamma et al. [50], Suh [109] and Kolmogorov’s definition of complexity [71] influenced
this approach strongly. It may not be considered a strong contribution for the same
reason that much work in the field of systems engineering has been done. However, it is
necessary because it lays the foundation for the next contributions, stating that a simple
but strong couple of concepts can be powerful when handling complexity. As argued
by Simon and others, the architecture of complex systems relies on its hierarchization,
and therefore proper decomposition of factors. However, the obvious approach to handle
complexity is to simplify, requiring good encapsulation of what kind of information is
received as input and delivered as output. This general process is common in most design
procedures for complex systems, and it is not wrong to affirm that hierarchization is an
accepted approach. This contribution leads to the definition of efficient hierarchization,
decomposing all relevant information and encapsulating it into relevant aspects.

Use of a five-aspect taxonomy to address the problem of incorporating other kinds of
information during the conceptual phase of design is one of the principal contributions
of the research (C3). It demonstrates that the five-aspect taxonomy is an intelligent en-
capsulation of the relevant factors that should be incorporated during ship design, useful,
for example, when applied to the original problem of a ship facing multiple operational
profiles in its lifetime. This categorization required the original work of organizing the
current literature into the five aspects and decomposing information gathered from the
literature, classifying it into each aspect. It provided an overview of the literature under
the five-aspect taxonomy to understand what can be adapted and what needs to be de-
veloped to make proper use of the taxonomy. Given the taxonomy’s novelty, application
of this framework into a complex system is a contribution per se since no previous exam-
ples have been made in such detail. Application of methods such as EEA and RSC find
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examples in aerospace research, but no explicit merging of the five-aspect framework and
methods were published prior to the date of the articles in this thesis. It works toward
consensus-building of proposing an intelligent way to classify the type of information
that is not always included in the traditional tender specification, or shipowner require-
ment, incorporating, for example, new regulatory constraints into contextual aspect or
the broad range of possible future operational profiles into the temporal aspect.

Use of the taxonomy is a foundation for handling complexity aspects (C4), the central
contribution of this thesis. Based on the taxonomy, this research examined how each
of the aspects could be handled. It led to development and implementation of design
support tools able to analyze a large amount of information, extracting knowledge from
each aspect, such as EEA, SDDP, and RSC.

Structural and behavioral aspects are covered broadly in extant literature, having a higher
level of management and understanding when compared to the other three aspects. There-
fore, this contribution is divided in four sub-contributions, demonstrating that the method
is valid and useful to handle not only tradition structural and behavioral (C4a) aspects,
but especially the definition of what is defined as contextual, temporal (C4b), and per-
ceptual (C4c) in maritime design, and how the five aspects can be integrated into a single
framework (C4d). The primary contribution is not the final word on one method or an-
other, but more fundamentally, offers first a set of tools that are efficient when combined
and are able to handle these aspects in a single framework. Use of RSC or EEA does
not lead to a definitive or closed methodology, and the ideas behind this thesis can be
extended to handle even more complicated situations. The objective was to present a
design procedure able to handle the five aspects, gaining understanding of the complexity
inherent to the system and producing better designs.
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5.2 Contributions of the Papers to the State of the Art

The first paper, Handling Temporal Aspects of Complexity in the Design of Non-Transport
Ships, presents an introduction to the five-aspect taxonomy, focusing on temporal changes
over contextual factors. Contextual and temporal aspects are considered new or extended
aspects of analysis, that is, they are present in the traditional techniques but usually given
insufficient attention to address the importance of their characteristics. The methodology
to handle it is based on the original combination of EEA and SDDP. This was the first
application of EEA in the maritime field, requiring development of epoch variables for
the ship case, how to define an epoch properly, and what aspects of the lifecycle of a
ship should be considered when creating an era. The work clarifies early assessment of
profitability by evaluating performance of design under seasonal contract variation, based
on probabilistic distribution for future contracts.

Addressing Complexity Aspects in Conceptual Ship Design, the second paper, presents
conceptual ship design as a complex systems engineering problem, describing in detail
what each aspect mean, and how they are decomposed and evaluated for the ship case.
Accepting complex systems engineering thinking means to incorporate features external
to the traditional design process in the design environment, setting a design space, and
consequently a model able to produce a final set of possible solutions that can be eval-
uated under the variations of these external factors such as multiple operational profiles
and changes in the current market structure. This work was the first of its kind to apply
the five-aspect taxonomy in a practical engineering domain, with the nominal enumer-
ation of information connected to each aspect. It also contributes in a structured way
to incorporate more relevant information in conceptual design since decomposition and
encapsulation of factors led to simpler understanding of what is relevant. The work pro-
poses a general approach to handling the complexity aspects of maritime design, merging
innovative and traditional techniques. The technological advancements contained in such
research take two paths. The first advancement is extension of the ship design scope. This
work calls for an understanding of the importance of the extended aspects of conceptual
ship design (i.e., contextual, temporal, and perceptual). The other advancement is in the
form of a collection of techniques and methodologies that handle these five complexity
aspects as a whole, integrating analyses in the conceptual design stage, which can then be
readily used in the marine industry. This permits efficient assessment of the evaluation
criteria of ship design during the conceptual phase.

The third study, Assessing Air Emissions for Uncertain Lifecycle Scenarios via Respon-
sive Systems Comparison Method, applies the methodology developed in the previous two
papers toward problems tackled in the initial part of the research. The paper extends
the proposed methodology to another level of the system since the structure now is the
subsystem of a ship (machinery), and behavior focuses on environmental performance.
The paper presents the ship lifecycle air emission assessment for uncertain operational
scenarios, using the RSC method. To my knowledge, this is the first work to assess
lifecycle air emission from the machinery configuration viewpoint, using ship operational
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profile as the primary input to create future scenarios. This study should be of interest
to broad readership, including those interested in the air emission lifecycle, complex sys-
tems engineering methods, efficient machinery design during early stages, and air emission
controls.

The perceptual aspect and the multi-dimensional notion of value are studied in On Per-
ception of a Ship: Designing for Complex Value Robustness, the fourth paper. Although
value is a necessary topic to be included in any type of conceptual ship design assessment,
this paper introduces the notion of value robustness to the maritime field from the com-
plex systems engineering view. It proposes that value is obtained when we understand
which elements are important when perceiving the goodness of a ship. Traditional driv-
ing factors such as cost and value for money are augmented by additional ones such as
environmental issues and increasing risks associated with a rapidly changing commercial
and regulatory environment. This paper proposes how these new elements should be
incorporated in the perception of a value robust ship. The paper proposes mitigation of
uncertainties for each aspect as a critical factor to obtain good perception and therefore
value over the lifecycle of the ship. The study also contributes to the idea of the meaning
of a simple perception. If we handle complexity through simplicity, it is important to
understand that simplicity relates normally to encapsulation of the system rather than
simplification of it. A simple way to perceive the good solution connects rarely to a simple
approach to the solution. One might wish the real world were simple, but since it is not,
it is a mistake to neglect complexity during decision-making.

The last paper, Handling Complexity Aspects in Conceptual Ship Design, was planned as
an application of the literature review. Much of its results are incorporated in this thesis,
and its contribution relies on the realization that using the five-aspect taxonomy allows
one to incorporate method and thinking currently in use by the literature. This work’s
contribution to the literature also reinforces the idea of ship design as a complex systems
engineering task, adapting complex systems engineering thinking to the conceptual ship
design problem. It includes placement of the ship as a complex system, and presents
similarities between traditional ship design and systems engineering methods.

Maritime is a mature field and so requires the consensus we find in other fields such as
hydrodynamic [8]. This chapter demonstrates that the five-aspect taxonomy is a valid
option for handling complexity in conceptual ship design. Although absolute consensus
is far from reality regarding how to best design a ship, an important result of the research
is the level of debate and attention that it received, exemplified by a discussion published
in RINA and SNAME Transactions (Paper 1 and Paper 2). Based on that review, the
research found consensus in presenting itself as a valid option when dealing with these
recent trends and needs from the market such as multiple operational profiles and multi-
stakeholder perceptions of value. A valid criticism is found in the unclear distinction
between product (ship) and process (design), given the blurred distinction between each
aspect that should focus on the structure of the ship, and therefore the product, and
on the mapping between context parameters and ship performance, related to process.



86 5.2 Contributions of the Papers to the State of the Art

A legitimate taxonomy, however, does not mean that the five-aspects and the methods
connected to them are the best way to decompose and encapsulate relevant information
on ship design, and I conclude that more research is required, especially concerning the
most abstract and therefore neglected aspect: the perception of good design. The fourth
paper presents some glimpses of what should be considered when discussing value-robust
design, but much work is required to define and evaluate it.
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5.3 Research Questions, Papers, and Contributions

Three research questions drove this thesis (Figure 5):

RQ1: Which general complex systems theory premises can be used to define complexity
in conceptual ship design?

RQ2: What general principles for organizing and simplifying complexity fit the conceptual
ship design task?

RQ3: what methods efficiently handle primary complexity aspects during conceptual ship
design?

Table 6 presents the connection between the papers with the research questions and
contributions (Figure 40) discussed previously.

Table 6: Relations between research question and papers

Research Question Contribution Papers
RQ1 C1 P2, P5, Thesis
RQ2 C2 P5, Thesis
RQ3 C3, C4 All Papers and Thesis

C4a P2, P5, Thesis
C4b P1
C4c P4
C4d P2, P3
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6 Concluding Remarks and Future Work

This thesis presents an assessment of conceptual ship design as a complex systems prob-
lem, focusing on its primary aspects. An important part of quality assurance for this
research was based on peer review through publication in international journals and
conference proceedings. A portion of the research was conducted internationally in col-
laboration with MIT. The core contributions of this thesis do not rely on linear problem
solving, neither can it be called a problem-driven thesis. It was knowledge-driven, with
the intention of leveraging extant knowledge required to design a ship conceptually since
current literature is unclear or contains conflicting opinions on how to deal with factors
I classify in this thesis as contextual, temporal, and perceptual. The path may not have
been perfect, but it presents a direction in which more studies should be conducted. I
believe the five-aspect taxonomy is a useful way to classify complex systems, and the
techniques presented provide an efficient way to handle complexity aspects for the ship
design case. I defend a divide-and-conquer approach to handling the five aspects, based
on decomposition and encapsulation of information.

Traditional ship design approaches link form/function to the basic design process and
therefore thoroughly address the structural and behavioral aspects of conceptual ship
design. The five-aspect taxonomy, encompassing the three extended aspects sometimes
neglected during the conceptual phase, presents a significant modification to traditional
ship design approaches. Externalities that affect a ship are considered in the contextual
aspect. Uncertainties toward context parameters and future scenarios associated with
the temporal complexity, which a society with rapidly shifting markets and uncertainty
about the health of major economies and forthcoming regulations generally requires. The
perceptual aspect relates to the perspective from which system stakeholders interpret and
understand how the ship is interpreted, embracing not only perception regarding factual
information from all other aspects, but also an abstract notion of value exhibited by
individual decision-maker.

The complex systems approach requires decomposition and encapsulation of the design
problem to manage and handle complexities. Since it is not always possible to reduce
complexity, that is, to reduce required information to define a good system, the objective
of the design process becomes controlling current information and reducing a portion
of the information that cannot be handled easily. This residual part, the gut feeling,
may never be controlled completely, but extension of the aspects at least offers more
understanding of uncertainties.

Contributions of this thesis also respond to current calls for new methods to handle com-
plexity in the early stages of design, for example, the RSC method. In it, the tradespace
evaluation process shares some characteristics with set-based design [105] to deal with
structural and behavioral aspects such as establishment of feasibility before commitment,
keeping good solutions to evolve in parallel instead of holding on to a single point. Both
methods use low computational cost tests to prove infeasibility or identify Pareto dom-
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inance. The examples in the papers, using OSVs, are simple implementations of the
method since the structural/behavioral aspects are handled primarily with regression
analysis. An extension of the method would be use of simulation, for example, com-
putational fluid dynamics (CFD), to improve energy efficiency evaluation [60], or use
of modularization as building elements ([6], [45]), with a design space constructed from
possible interactions of the modules.

This thesis main contributions is through its handling of contextual, temporal, and per-
ceptual aspects. The multi-epoch and era analysis, for example, models uncertainties,
handling the contextual aspect and evaluating many contexts at the same phase of the
design process. The temporal aspect is also handled, including changes in context over
time, and creating tradeoffs among designs under various scenarios. The lifecycle path
analysis also proposes strategies to adapt designs to perform better across unfolding era
uncertainties. The perceptual aspect is exploited by use of What-If situations through
era construction and lifecycle analysis. Not just one design is evaluated, but a design set,
comparing each solution with each envisioned scenario.

This work concludes that complex systems theory provides an efficient way to handle
complexity aspects in the conceptual phase of ship design. The discretization of the
system into five aspects and use of an overall method to address all aspects such as RSC
advances the current ship design task, allowing use and integration of novel and well-
established techniques. Use of an overall method to address all aspects is a benefit for
current ship design, allowing merging of novel and traditional techniques.

Since this work classifies ship design from a complexity viewpoint, there is much more
potential work to be developed. Measuring complexity will continue to grow as ship design
becomes increasingly complex. Many of the proposals observed in the literature measure
the amount of complexity during early stages of design, considering only the structural
part, usually measuring a ship by its number of components and connections. Although
this analysis offers interesting insights, it does not consider other important aspects when
discussing complexity, and measurement of all perspectives of a concept as abstract as
complexity is a respectable challenge. Future research should explore use of information
theory, breaking information into bits to measure it. It is clear that this approach works
better in digital form than in large physical systems such as ships, but the fact that
most of the conceptual ship design information nowadays is found in digital form, via
computational modules/components libraries and performance analysis, it opens space
for this kind of investigation.

Merging techniques offers an additional avenue for future research. Much of this thesis
was based on combining novel techniques such as EEA, SDDP, and RSC with traditional
approaches such as system-based ship design. More can be developed for analysis of
conceptual ship design, for example, use of optimization tools, stochastic analysis, and
other design methodologies.

Adaptation of the methodology might allow future researchers to use this work’s method-
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ology during the entire ship design value chain, especially in relation to modularity. Com-
bining the building block approach during the general arrangement phase [6], or choice of
machinery configuration, might respond well to this methodology. The methods discussed
here might apply to the operational phase to estimate behavior of a system given unpre-
dicted changes in the context. Future researchers should also study how the complex
systems engineering approach considers several system quality attributes, called ilities,
during conceptual ship design. Each accords with the complex systems approach and
applies to the ship design case, such as adaptability, reliability, survivability, and mod-
ularity. Future research should explore discrete analysis in the conceptual phase. This
work presents only a beginning. For example, it would be interesting to merge a tech-
nique such as RSC with a CFD or finite element method. Data analysis presents another
area for future research. A complex design process naturally generates a large amount of
data. Proper handling of this data is a beneficial extension of this work. Response surface
methodology, for example, appears to be an efficient way to handle the large amount of
data obtained during epoch-era analysis. More research is also needed to understand the
relationship between the five aspects and the human factor as an aspect of complexity.
Although the human as a system interacting with the ship fits the structural aspect well,
for example, the operator as part of the structural system, it also plays an important
role in the perceptual aspect since the user is also an important stakeholder. Similarly,
incorporation of the perceptual aspect into early stages opens space for deeper study of
the intricate and subjective process of decision-making, for example, behavioral science,
used strongly in economic decision-making as a model to estimate decisions from various
stakeholders’ profiles under uncertainty.

Finally, future researchers should apply development of engineering methodologies pro-
vided in this paper to industry. Stakeholders agree there exists a gap between this type
of research and usefulness in industry, even more so in the case of industries with strong
domain traditions such as maritime. The five-aspect taxonomy can be incorporated into
other activities from the ship design value-chain, beyond the conceptual phase. For in-
stance, the consideration of the emergent factors (Figure 2) and stakeholders’ expectations
(Figure 35) during design of modules and subsystems, detailed engineering, construction
and operation.
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Paper 4 (Journal)

Henrique M. Gaspar, Arnulf Hagen and Stein Ove Erikstad: Designing a Ship
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(June 2013)

Paper 5 (Peer Review Conference):
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A Secondary Papers - Abstracts

Abstract of other papers developed during the PhD, briefly commented in Section 3.

Paper 6 (Peer Review Conference):

Gaspar, H. M., Balland, O., Erikstad, S.O., Approaching Environmental Per-
formance in Conceptual Ship Design - 11th International Symposium on Practical
Design of Ships an Other Floating Structures, Rio de Janeiro, 2010.

Abstract: Environmental issues have gained importance during the last decades.
The traditional ship design procedure already includes a well established tradeoff
between economical and technical performance. However, the integration of envi-
ronmental analysis is relatively new, and there are many research questions to be
answered.

In this context we wish to suggest some relevant tasks to address environmental
issues in the preliminary stage, primarily focusing on air emissions and energy
efficiency topics.

The present work discusses thus these tasks inside the procedure of a generic con-
ceptual design methodology. It also briefly mentions two important subjects in the
field. First, defining a common understanding on the environmental impact of a ship
and an overview on the recent studies. And second, presenting the characteristics
of the conceptual ship design domain, enhancing the importance of the inclusion
of environmental issues in the stage where changes have a bigger impact. Two use
cases are presented as example, an AHTS vessel and the role of the operational
profile, and a RoRo ship and the impact of air emission control.

We also introduce at the end of the work ten research topics, with the intention of
instigate bright minds ex- ploit the field in the future.

Paper 7 (Conference):

Gaspar, H. M., Larsen, E., Grimstad, A., Erikstad, S.O, Efficient Design of
Advanced Machinery Systems for Complex Operational Profiles, 9th International
Conference on Computer Applications and Information Technology in the Maritime
Industries, Italy, 2010.

Abstract: During the last decade offshore support vessels have faced a market
with requirements for increasingly demanding operations, especially deep water and
High North activities, an increased focus on environmental performance, as well as
a higher degree of uncertainty in terms of contract horizon and predictability of
future operations.

As a result, we have seen a development towards more advanced and complex
machinery systems, typically containing diesel-electric or diesel-hybrid engine con-
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figurations combined with azimuth and podded propulsion. While representing a
significantly higher investment cost, these machinery solutions have increased their
market share based on improved energy efficiency and higher degree of flexibility
towards the complex, demanding and multi-faceted operational profiles that these
vessels actually meet.

Related to this development, there are two main issues that are addressed in this
paper: First, how can we efficiently design these complex systems in the tendering
phase of project development, based on the actual expected operating profile of the
vessel? And second, how can the system performance, in terms of cost, energy effi-
ciency, emissions, flexibility and availability, be documented towards the customer
so as to increase the likelihood of winning the contract.

Thus, the overall objective of the paper is to define a methodology and specify the
structure of a tool that can fully or partially answer these questions. The paper
will be based on an ongoing project within NTNU, with DNV and STX Europe as
partners.

Paper 8 (Technical Report):

Larsen, E., Sole, S., Gaspar, H. M., Ship Machinery Configuration Comparison,
Report IMT/S4C/2-2009, NTNU, July 2009.

Summary: This report presents the results from the project Ship Machinery
Configuration Comparison, developed in June/09. The project was carried out
as a sub-project under the Ship 4C KMB by Norges TekniskNaturvitenskaplige
Universitet (NTNU) and Det Norske Veritas (DNV), where focus of interest was
ship machinery configuration performance.

The overall objective of the project was to investigate the possibilities of developing
a decision support tool to enhance the machinery configuration process in the early
vessel design phase. The objective of the work was to define a methodology for
evaluating ship machinery configuration performance based on a given vessel oper-
ation. The scope also included the development of a simplified tool for comparing
ship machinery configurations based on the defined methodology.

The main tasks were defined as; acquire knowledge on basic processes of machin-
ery configuration and operation, and define a performance evaluation methodology;
develop a simplified comparison tool in excel for comparing machinery configura-
tions and validate the defined methodology and tool by conducting a case study
of comparing two distinct configurations; develop database schemes and a mock-up
for later prototyping of the comparison tool.

Paper 9 (Conference):

Balland, O., Gaspar, H. M., Erikstad, S.O., A Decision Model Comparing the
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Cost Efficiency of Air Emissions Abatement Methods of a Fleet for IMO Compli-
ance, International Symposium on Ship Design & Construction - The Environmental
Friendly Ship, Tokio, 2009.

Abstract: This paper presents a decision model able to compare the cost of
different technologies and strategies that reduce the emissions to air of a fleet.

The model calculates the emissions of CO2, SOX and NOX of a fleet and takes
into consideration the main technologies to reduce SOX and NOX and the already
existing or planned IMO air emissions regulations. The model narrows down the
variables that affect the emissions of a fleet to the main ones, such as speed and
fleet size. A cost analysis acts as a decision basis to select the technologies that
will make the fleet comply with the regulations, for the lowest fleet lifecycle cost.
If the installation of technologies is not sufficient to comply with the regulations, a
speed reduction is used to reduce the emissions to a level corresponding to the IMO
regulations. A sensitivity analysis of the main variables is performed, including fuel
price and demand. The model can handle most types of transport vessels, as well
as the study of customized routes.

Two study cases are presented to exemplify the methodology: A Ro/Ro fleet that
sails from Europe to the US, in the SECA area; and an LNG route, also from
Europe to the US, but not entering any existing control area. The cases illustrate
how the model can be used to select a cost efficient abatement method in order to
comply with the regulations.

Paper 10 (Conference):

Gaspar, H. M., Erikstad, S.O., Extending the Energy Efficiency Design Index
to Handle Non-Transport Vessels, 8th International Conference on Computer Ap-
plications and Information Technology in the Maritime Industries, Budapest, 2009.

Abstract: The current environmental concerns demand efforts to improve the
energy efficiency in the maritime sector, requiring design improvements of new
ships. At the moment of the writing, the focus is on transportation vessels, and
IMO intends to implement a mandatory energy efficiency design index by the end
of 2009. In the longer term, it is likely that also non-transport vessels, such as
offshore support vessels, will be included. The nature of both the design and the
operation of these vessels will require a different index calculation model from the
one actually proposed by IMO. In this paper, we discuss some of the key deficiencies
of the current approach, and propose as alternative an extended model, that takes
the inherent characteristics of these vessels into account.

The proposed model defines a set of functions related to the main missions under-
taken by the vessel. These functions are then mapped to a corresponding measure-
ment of the work, or utility, exhibited by the function on the one hand, and to the
direct and indirect powering requirements, and corresponding CO2 emissions, on
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the other hand. A case study of an AHTS is presented at the end, with its main
operational profiles and an index linked to it.
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