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Abstract

The decline of defence budgets coupled i escalation of warship procurement
costs have significantly contributed to fleet downsizing in most major western navies
despite little reduadn in overall commitmentstesulting in extra capability and
reliability required per ship. Moreover, the temcy of governments to focus on short

term strategies and expenditure has meant that those aspects of naval ship design that
may be difficult to quantify, such as supportability, are often treated as secondary
issues and lebcated insufficient attentionni Early Stage DesignTo tackle this,
innovation in both the design process and the development of individual ship designs
is necessary, especially at the crucial early design stages. Novelty can be achieved
thanks to major developments in computer teabgwl and in adopting an
architecturallyorientated approach to early stage ship design. The existing technical
solutions aimed at addressing supportability largely depend on highly detailed ship
design information, thus fail to enable ratiorsalpportabiliy assessments in the
Concept Phasé his researctherefore aimed at addressing the lack of a quantitative

supportability evaluation approach applicable to early stage naval ship design.

Utilising Decision Analysis, Effectiveness Analysis, and Analyticréfiehy Process,

the proposed approach tackled the difficulty of quantifying certain aspects of
supportability in initial ship design and provided a framework to address the issue of
inconsistent and often conflicting preferences of decision makers. $inee ts hi p 6 s
supportability is considered to be significantly affected by its configuration, the
proposed approach utilised the advantages of an architectorightated early stage

ship design approach and a new concept design tool developed at Un@eligige
London. Thenew tool was used to develapncept levebesigns of drigate-sized
combatant and a number of variations of it, namelyfigurational rearrangement
with enhancement of certain supportably features, and an alternative ship design styl
The design cases were then used to demonstrate the proposed evaluation approach.

The overall aim of proposing a quantitative supportability evaluation approach
applicable to concept naval ship design was achieafdthugh several issues and
limitations emerged during both the development as well as the implementation of the
approach.Through identification of the research limitations, areas for future work

aimed at improwng the proposal have been proposed.



Impact Statement

Despite the considerable number of issues that need further investigation, it is
considered that this researchst@ntributed to advancing the extent of what can be
assessed in the early, formative stages of the design process Giraihat (US Navy
Commander quoted byGates and Ruslin(l982) d escr i bed tlesnosbt he m
complex, diverse and highly integrated of any engineering sy8tents hregulalyi s
manufactured todayThe existing body of knowledgeegardingthe Early Stage

Design of naval ships couldenefit fromthis research in a number of ways, both

outsideand insideacademia.

This project was partly sponsored by BAE Systems; the lardefnce and
shipbuilding company in the UK and one of
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Chaper 1: Introduction

Chapter 1: Introduction

1.1 Preamble

Supportability is defined bNATOas O6a measure of the deg
resources required to operate and maintain the system/equipment can be provided in
sufficient qNAIG.t2011)¥is a sigdificant asped of design that is
generally facilitated throughntegrated Logistics Support (IL®anagement anithe
associatedechnical procedures and processes. Given that the design decisions made
early in the lifecycle have major influence omesign outcomeshenas many of the

ILS activities (i.e. the enablers of system/equipment supportability) as possible should

be considered early in the design process, albeit at top level. They also need to be
consideredn parallel with the systeénacqusition and engineering design process in
order to Omaximise availability(NATOf fect
2011) Failure to consider supportability at the early, formative stages of the design
process can lead to longer and more expensive ship overlegslayailability and

reduced scope for ad@aility and upgradeabilityColes et al., 2014)

TheUK Ministry of Defence (MoDhas endorsed the djation of ILS to all product
acquisition as official policfUK MoD, 2013a) However, its genuine implementation

in the domain of naval ship design has been impeded by the process of naval ship
concept design being historically carried auithe middle of an intense debate to
reduce acquisition cods, while attempting to maximise mission capabiliffhis
approach has led to a focus on the numerically amenable charactelastiety
addressed ithe first four items of h e ¢ I #Bsosvn and An@ews, 198@).e.

Speed, Seakeepingtability, (structural) Strength, the fifth being Stylandrews,
2018),andi n t h €onbhdt Bystéis(CS) capabilities, in the application of the
gover nment scéteribion thg eatlyastages of naval ighdesign. Tha
insufficient attention has been given to the full range of capability aspects, particularly
ThroughLife Support (TLS)features. Consequently, TLS is addressed much later
than the initial design synthesksy which timethe design has effectively been
constrained. In addition, the traditional numerical approaBlatty Stage Bip Design

(ESSD (not to be confused with US Navy?®os
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described bysale(2003) has delayed the early investigation of Style aspeisng
the 8" of the S categories mentioned abovapd any architectural modelling
(Andrews, 1984Wwhich has only beeproperly consideret the subsequent design
phases and within the confines ofdafined hullformproduced from a limited
numerical balance This further hindersearly consideratian of naval ship
supportability as many of its constinteaspects, such as operational and thrdiiigh
Adaptability, Availability, Reliability and Maintainability (ARM)Replenishment At
Sea (RAS)and access policgre strongly influenced by the h i desigse Style and

its overall slip architecture and arrangement.

The shortcomings of both acquisition and design processes are likely to be exacerbated
by a) rising warshipownership costsdy) the lack of a numerical and structured TLS
evaluation approach that can be utilised during the early stages of designttand c)
loss of thenaval ship design expert knowledge badee rising costs of naval ship
programmegArena et al., 2006dombinedwith the lack of a rational supportability
assessment methatbmpatible withthe high level design definitions produced in the
Concept Phaseare likely to lead to cost cutting of specifprogrammes by the
government. Alditionally, given the political significance of defence procurement
processes and the duration of such major projects exceeding single governments, they
are vulnerable t@hanges in political directiohese changes could further hinder
those apects conventionally addressed during the laterldétdesign stages, such as
TLS. Considering the issue of expert knowledge; the demand for engineers currently
exceeds supply across all UK engineering sec(bidler and Harrison, 2013)
including naval ship desigityK NEST, 2013) resulting in a reduction in the number

of available experienced individuals. This is a major cause for concern given that TLS
and oh er 060softerd aspects of nav al ship
experienced ship designers and practitioaatsthen been addressed throulgtailed

engineeringapplyinglessons learrftom operatioml and maintenance practice.
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1.2 ResearchScope and Aim

This research undertaken on suppbility assessment has be&tusedon the
creative and fluid early stages of the aleship design process. During ESSD, a large
variety of ship design options are investigatgth reasonably low design efforts and
resourceyet having significant impaan the choice of the final design solutidine
researcldid not tackle those aspeetffecting supportabilityhat are usually addressed
downstream right intthe detailed design stages, where nestign for Support (Df5
analyses require high levels of design information and the coredramture of the

design makesorrective design alteratistengthy and expensive

The financial challenges of defence acquisition and the political tendencies of
governments wereonsidered to beutside the scope of this project. Instehe t
research fogsedon addressing the drawbacks caused by the traditional naval ESSD
process and the lack of numerical and structured TLS evaluation approaches
appropriate to the Concept Phasbee importance of ESSD and the advantages of
architectural modelling duringhé Concept Phase were first investigat@tie
architecturally discernible aspects of naval ship TLS and some of the technical
solutions aimed at addressing such issues and their applicability to this research were
then explored. This led to identificatiofithe main obstacles to a proper consideration

of naval ship TLS in ESS@nd the gaps in the current supportability assessment
approachesThis was followed by the proposed approach to evaluate supportability in
the early stages of naval ship design. pheposed evaluation approach was then
demonstrated on a range of concept level ship design cases, namehsfrgdteaval
combatants. However, is considered to havapplicability to other types and

configurations of surface warships gomassiblerelevance tonaval auxiliaries.

The supportability evaluation approach described in this tieearsombinationof an
architecturallyorientated ESSD approach, a new ship concept design software
developed at University College London (UCkndthe applicatiorof somewidely
established decision making and appraisal techniques. The apptesetoped
possesse®ur significantfeatures. Firdy, certainsupportabilityaspects amenable to
being influenced by high levedrchitecturallydriven early design choicewere

investigated Secondy, without relying onoverly detailed ship design informatian
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1.2 Researctscope and Aim

addressed’LS in the Concept Phase. THiydthe difficulty of quantifying many
aspects of naval ship TL8 ESSDwas ta&led. Fourthy, a frameworkwvas presented
thatcapturel, incorporatd, and apped the accumulated naval ship design and TLS
knowledge (e.g. through rules of thumb) in a rational manner.

The validity andapplicability of the proposed approach wbhgstrated through a
nunber of ship design case studies. These focasedonfigurational rearrangement
of certain supportably featuresnhancementfahose supportability featureand
finally, an alternative ship design styl€he shipdesigns were developeding the
UCL originated architecturaltprientatedDesign Building Block (DBB approacho
ESSD(Andrews, 1984; Andrews and Dicks, 19%#)d detailed sufficiently for the
application of theoroposecevaluation approaciue to the sensitive nature of naval
ship design, the unclassified UCL naval ship design procedi@é, 2013a)and
databas€UCL, 2013b)that areconsidered to be representative oftheMoD design
practice were used to develop the ship desighsusclassified data foactualship

designs andiavalweapon systesas well as classifiethols were not utilised.

In summary, the overall aim of the research undertaken and presented in this thesis
was to proposea new, quantitative supportability evaluation approach and
demonstrate itlma range of ship design alternativesnvestigatinga limited number

of supportability aspectsCrucially, the proposed approach was required to be
applicable to the high level design definition of the Concept Pbhsaval ship
design It was the intention of thisesearchto utilisethe enhanced emphasis on ship
architecture and configuration introduced byth@L architecturallyorientated®BB
approach t&SSD This enabls a more effective anéarlier consideration of TLS

(during the Concept Phgsaf naval ship design.
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1.3 Thesgs Structure

The thesis is composed of seven main chapters accompanied by separate appendices
providing additional material relevant to the main text.

Chapter 1 provides a brief introduction to naval ship TLS and the issues surrounding

it as well as thecope, aim, and structure of the research project.

The second chapter, consisting of four main sections, presents a state of art review of
the relevant background and provides a justification for the proposed supportability
evaluation approactBection 2.2 covers the background to the process of modern
naval ship design and procurement, the cost of owning a warship, the traditional
approach to early stage navalslgdesign, and how the UCL originated alternative
architecturallypased synthesis approach, made available by the developments in
computer graphics, means aspects like supportability catom&dered in ESSD.
Section2.3, on naval ship supportaltyl, provides a summary of the widscope of

naval ship supportability and then emphasises the importance of its early consideration
in the initial design phase. The aritbecturally discernible aspects of naval ship TLS

are then highlighted as being both feasible and appropriate to be addressed. Some of
the technical solutions aimed addressing the architecturallijscernible aspects of
naval ship TLS early in degn arealso covered. &tion 2.4 discusses how the
feasibility of supportability investigations in ESSD could be improved by reducing the
need for overly detailed shitesign information. The three sgbctions describe the
three different topics that were explored in searching for how this could be achieved,
discussing the associated advantages and shortcorsiagson2.5 highlights the
issues identified as the main obstacles to a proper consideration of naval ship TLS in
ESSDand describethe gaps ircurrent supportability assessment approachbs
confirmsthe consequent need for a method to evaluate supportability early in that
design process. The chapter is concluded with an outline of the propeasedtion

approach.

Chapter 3 includes three main sections and focuses on the development of the
supportabity evaluation approach that was proposed as part of the research.
Section3.2 briefly coversthe two methods initially investigated for the development

of the DS evaluation approactBection3.3 outlines the main proposal and provides
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1.3 Thess Structure

a general description of the principal constituents of the proposed DfS evaluation
approach and the associated iss@estion 3.4 gives a detailed account of hdie
principal features described in the second section were customised in order to
investigate a specific naval ship supportability example.

The fourth chapter, consisting of three main sections, describes the development of
the ship design cases that wansed to demonstrate the application of the DfS
evaluation approach outlined in ChapteiS&ction4.2 covers the development of a

new ship concept design softwaand the current status ofathwork at UCL.
Second4.3 describes in detail the Baseline Frigate Design developed as part of this
research. &ction4.4 discusses the choice ship design variationgnd outlines the

resultantdesigns.

Chapter Shastwo main sectionsvhich outlinethe application of the proposed DfS
evaluation approach to ttship design cases described in Chapter 4 and presents the
assessment resultse@ion5.2 provides a detailed account of the application of the
proposed DfS evahtion approach to the assessment of the specific naval ship
supportability example outlined at the end of ChapteBe&kttion5.3 presents the
assessment resultsrfall the ship design variants. A limited discussion of each set of

results is also provided.

The sixth chapter consists of two main sections that progid@®mprehensive
discussiorof DfS in naval ship ESSD. IneBtion6.2, the reslis presented in Chapter

5 arediscussedn detailand wider ship design implications are analySattion6.3

lays the foundation for addressing whether the DfS evaluation appgraaacthieved

the overall research aioutlinedin Chapter 11t links the proposed approach to the
gaps identified in th research background outlined in Chapterfalpwed by
discussing its implementation, before reviewing the limitations in the demonstrations.
The chapter is concluded Iaysection that discusséise areas that require further

investigation.

Based on théssues discussad Chapter 6,he seventland finalchapteraddresses
whether and to what extent the overall research aim has been achieved. The major
issuesand limitations identified from the research work as wethasreas of potential

future reseah are also summaris@tla suggested order of significance
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Chapter 2: A Review of the State of the Art in Design for
Support for Naval Ships

2.1 Introduction

This chapter, consisting of foumain sections, provides an overview of the
investigationscarried out to ideify where there is &nowledge gapn Design for
Support (DfS) fonaval combatantdt delvesinto the body of knowledge in the areas
of naval ship design an@ihroughLife Support(TLS) with the aimof identifying
questions that are both relevant anditdasn investigatingnaval ship suppoearly

in design

Thenextsectionis split into six subsections. Th&éackground to thprocess of naval
shipdesign and procurement through the latter part of tHec@0tury to date is first
outlined, followed byconsidering the nature tffie cost of owning a warship and how
it has changed ovehe same time period. €hhird and forth subsections further
examinethe process of naval ship design and covetrdmtonal approach teearly
stage naval ship dgn The last two suisections investigate the advantages of
architectural modelling in initial shipdesign and describe an established
architecturdly-baseddesignapproactas an alternative tooththe traditional and other

current approaches tarly StageShip Design (ESSD)

Section2.3is split into three sulsectionsThe first isasummary of thascopeof naval
ship supportability wherethe importance of itg€onsiderationn the initial design
phase is emphasisethe architecturallgiscernible aspects ofival ship TLSre then
highlightedsince they are considerédth feasible andppropriateto be addressed
The third and final suisection covers somef the technicalsolutions aimed at
addressinghe architecturallyliscernible aspects afval ship TLS early in design.

Section 2.4 addresses theeed to reduceverly detailedship design informatiorin
improving the feasibility of supportability investigations in H3SThe three sub
sectionssummarisehe three different topics that were explomedearching for how

this could be achievediscussinghe associated advantages and shortcomings.
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2.1Introduction

The last sectionhighlights the isses identified as the main obstaclesa proper
consideration of naval ship TL® ESSD andthe need fora method to evaluate
supportability early in thatlesign process. The chaptemclude with an outline of
the propsed approach, explaining why tlepproach to the problem was selected.

36
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2.2 Naval Ship Design

2.2.1 Background to the Process oNaval Ship Design and Procurement

The design and construction ofn@w naval vessehas usually been initiated in

response teither the needtget a new military capabilityp sea to faceew threats,

or theneed to renew existing capabilitiédndrews, 1987; Brown, 1993The UK

MoD mandates thaseof the Smart Acquisitiorprocessillustrated inFigure?2.1, for

the design and procurementdsfence capabilitie§JK MoD, 2002)

Initial Main Support
Gate Gate Date (LSD)

In-Service
Date (ISD)

Out of Service
Date (OSD]

m Assessment>Demonstratlo>> Manufactur(>m Disposal

Figure 2.1: UK MoD design and procurement procesCADMID) (UK MoD, 2002)

The UK MoD (2002)stated the process to hevhole life approach théeginswith

the ConcepPhaset the end of which the operational requirements organisatoas

a User Requirements Document (UR&)tlining theneed for particular capabilities

to be met by a future equipment programifiike aims of th&€€oncept Phase are to
identify technology and procurement options that warrant further investigations,
obtain funding, and identify the performance, cost and tinranpeters for the

programmeAt t he end of t

to assesthe feasibility of the programmand if approved, release the funds for the
Assessment Phase that followsthe Assessment Phaséter consiéring each of the
primary and secondary tasks separa@fyystems Requirements Document (SRD)

produced to spell out what the systsjmfiust do to achieve what was dfied in the

he Coneviewid carfed aus e

URD. Invitations to Tender (ITYare issuedo the industry and Assessment Phase

contracts are subsequently awardedatoshortlist of companiesor consortia.

Feasibility studies and traddfs between cost, time, performance and risksuld

occur during this phase

boundariesThe rext stage isite main investment decision of theagrammecalled
t he &6Mai n G pomnbdat vihiehvai peeferred procurement apsupplier

is generally chose he following Demonstration Phase works towards eliminating

to i dentify
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2.2Naval Ship Design

development risks in order to meet therformance targets for manufactuiiée
process is continuad the Manufacture Phase when production work is carried out to
deliver the military capabilityvithin the time and cost parameters previously set and
as according to theontract that includes build specificatiod$e InService Pase
confirms that the military capability provided by the system is available for operational
use, to the extent defined @flain Gat® and on In-ServiceAcceptanceDate. The
process is finalised by the Out of Service Date and Disposal Phase wheamplans
drawnfor an efficient, effective and safe disposal of sistem.

Although Smart Acquisitions the official UK MoD policy for the design and
procurement of defence capabiliti@dK MoD, 2002) the realities of naval ship
design and procurement are very differedndrews (2003a) criticised the Smart
Acquisiton6 pr acti ce of first investigating,
nonmaterial specific terms, the requirements for a major naval progr@dnasa)
inappropriate for major warshiplie tothe assumption that such large and physically
complex system of systems can be designed in a manner akiiretanilitary vehicles

and softwareled systemge.g. military aircrafts, air traffic control systems, and
warship @mbatSystems (CS) andb) bad Systems Engineering ($Rracticeowing

to falsely depicting SE asaappropriatalesign disciplindor complex systems such

as warships that donodt have pthabdaoley pe s,

adopted by pr@ct teams to achieve best practice project management

The naval ship design process and final design solution are largely based on the
d e s i gneepretation of the often immaturequirementgAndrews, 1985)hence
informed discussion and dialogue between the requirements owner (UKabti2
operational requirements organisation for naval vessafsl the procurement
communityare essentiaduring the Concept Phaskhe dialogue iwital in order to
determine what is realistically achievablefore the requirements are fix@hdrews,

1992) In order to strike a balance between affordability and capability and achieve a
realistic design solutiofHeather, 1990; Crow, 2001he requirements ownére. the
operational requirements organisatior®eds during the Concept Phade, explore
andwith the nascent procurement projetake several top level principal choices as
part of thejoint requirements elucidation proce@ndrews, 2003a, 2013Hawke
(1988)listed some of these strategic choifsa warship concerning different types

of policies and requirements:
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1 Specialised or general role and mission orientation;

1 Short or long planned lifehe with subsequent implications on modernisation
requirements;
Cash limited or flexible cost policy;
Endurance and deployment length;

1 Degreeofsels uf fi ciency with implications o

for spare parts.

However, ORequiregéntsaic Ena@isneS®mart Acqui
facilitate properdialoguesbetweenthe requirementewnerandt he O pr ocur em
p r o jteereathébalanced and affordable set of requirements for complex systems

such as modern naval combatai{edrews, 2003a)The consequence of this failure

to carry out an effective requirements elucidatiora isnismatchbetweendesign
requirements and solutio@ndrews, 2003a)The Smart Acquisitiorprocesshown

in Figure2.1is considered to be inappropaab naval ship design because:

71 It fails to ensure thabp level rguirements ardixed without full material
options exploration byhe end othe ConceptPhasebeforecontinuing tothe
Assessment Phaséherefeasibility studie®n a balanced preferred option are
undertaken

1 It disregards the fact that tradé analyseshould becarried out as part of the
Concept Phase arfeasilility studies are essentiallyabout working up the
design to show that is technica#d§fordable andichievable;

1 Classic Demonstratiorof the overall shipbefore design to build and

commencing Manufactuiie not possil® due to the lack of prototypes.

2.2.2 The Cost of Owninga Warship

Ship costing is a critical part of the concept design process for both naval and
commercial shipgUK MoD, 2002)as itclearly determineshe feasibility and cost
effectivenessof a ship programme. It should also determimeetherthere are
sufficient funds availableto take the programme forwafNATO, 2009; Caprace,
2010) and ought toavoid budgt overruns and the associated consequences
(Gerdemann et al., 2012; Rudius, 2012ATO (2009) described the total cost of
ownership over the life of a warship, the Whole Life Costs (W{aso termed.ife
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2.2Naval Ship Design

Cycle Cost (LCCin some sourcesas one of the kegriteria (others being operational
need and government constrainthat could assist the decision makersl@tiding
between alternative procurement optiond.C represents all the costs that will be
expendedluring the life of a systenincluding themain system and support systems)

to acquire, operate, support it aakentually dispose of (NATO, 2003)

The two principal constituents ofNLC are Unit Procurement CogtJPC) and
ThroughLife Cost(TLC). UPCincludesinitial cost elementsuch asequipment and
material acquisition shipbuilderlabour costs outfit and assembly allowances for
design clngesand test and trials costELC consistf the costs incurred during the
wa r s hin-ggice period, such agersonnel (basic pay, national income
contributions, pensions and gratuities, additional special service pay)ing,
consumableée.g.fuel, storeand spargsmaintenancef@rther divisible intogeneral
maintenance, docking, minor refit and major moderrosatind disposal cost$here
is an additional cost element, termed as the First of Class)(EQST that can be
significant and is paid for separatetythe lead shipbuilder or prime contractord
not proportioned ouamongst ships the classubsequento the FOC FOC costs
include s hi p b u officel esetup sdesign and project resourcesgdrawings
recruitment model productionsshore test facilitiesand first shiptrials (Brown and
Andrews, 1980; Page, 2011; Piperakis, 201Higure 2.2 shows the general
breakdown of warship WL@r a typical example of 1980Bigure2.3 illustrates an
undiscounted WLC of a typical 3,0@6nnefrigate built at a 1971 UPC of £12M
Inflation would probablylead to a value ohpproximately £15801 in 2018 but the
WLC breakdown is considered to be still broadly applicaiblee noticeably low
weapons design cost iRigure 2.3 could be due to the less sophisticatmd
evolutionary nature of CSedelopments in the 197@sd clearly excludes any major
new weapon development, such as the Principal Anti Air Missile System (PAMMS
for the Royal eshMyerdfétes, 20lg)pe 45 D
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DIRECT
LIFE CYCLE COST
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WEAPONS fSENSORS/CMS SHIP
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Figure 2.2: Breakdown of warship WLC and typical example of thepercentagebreakdown in
WLC for a warship (Brown and Andrews, 1980)
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Figure 2.3: Undiscounted WLC of a typical 3,000 tonne frigat§Rawson, 1973)
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Consideringthe balance of affordability and capability that was mentioned in
Section 2.2.1, Brown (1986) explained how the policy of military equipment
proaurement transformethe objectives in naval ship desidaring the 2 century.

At about the middle of the Cold Wahe aim to obtain the technically best ship was
first abandoned in favour of purchasing thest costeffective ship; thatvas itself
replaced by the current cash limited warship procurement policy. This has been caused
by both the reduction in defence expenditure (as percentage of GDHjeagiebwth
above inflationin the UPC of warship&lentified asapproximately 9% per annum
(Gates, 2005; Arena et al., 2008Yarship cost escalation has been attributed to two
principal factors; economgriven and customer driven. The econedriven factors
(e.g. material, labour, and equipment) have generally been comparablgéndnal
inflation rate and amounted to arouradftihe overall escalation.HE customedriven
factors (e.g. complexity, standards and requirgsyanddecliningprocurement rate
over which overheads are amortisedakeup the other halfArena et al., 2006)
Figure2.4 illustrates the breakdown ahnualcost escalation factors resulting from a
pairwise comparison between the US Navy guidesisile destroyers DD@ (FY
1961) and DDGb1 (FY 2002)

Standards and
Requirements,
2%

Complexity, 2.1%

Procurement
Rate, 0.3%

Other, 0.3% [
Material, 0.5%

Equipment, 2%

Labour, 2%

Figure 2.4: Contribution of different factors to shipbuilding annual cost escalation for US
Navy surface combatants: DDG2 (FY 1961) and DDG51 (FY 2002)(Arena et al., 2006)

It can be seen that the most significant contributinfSgure2.4 aredue totherising
coss of equipment, labougomplexity and standards. Thelsavebeenconfirmedby
Brown and Andrew$1980)andBrown and Tuppef1988)for UK naval acquisitions.
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In additionto the better reliability and availabilityf individual items of equipment
and vesselAlexander, 1988)he decline otlefence budgethat begurat the end of
the Cold WarAndrews and Hall, 1995¢oupled withthe above inflationescalation
in UPCfor comparable naval combatahisveresulted in an overall reduction in fleet
size for most majowesternnavies postCold War (Taylor, 2010)despite little
reduction in overall commitmen{(€ollins et al., 2012)The consequence hdseen
greater capabilityJones and Kimber, 2012nd reliability(Manley, 2012)yequired
per ship.Although there are no ea®r simple solutions to tackkhis, a number of
approaches have been suggested, most of which involve some level obcosep
These proposals cover the areas of naval ship design, programme management and
acquisition strategy, and manufacturing and shipbuilding technolddgiesexamples
given below areroposedstrategiesaimed at tacklinghe rising cost of naval ship

acquisition.

1 Build a mix of multirole ships witla) limited capability in each role anu)
missionfocused ships capable of only one, or very few, roles but of first class
quality in the selected rol@rown and Andrews, 1980; Arena et al., 2Q06)

1 Implement the concepts of Open System ArchitediOf®A) (Vasilakos et al.,
2000) modularity and the separation of the mission and weapons systems from
the rest of the shifDrewry and Jons, 1978nhdmodular approachesuch as
thelate 19704JK proposal ofcellularity, that proposetb improve access and
interchangability for CS equipment during build and refit and physical
compatibility through commortransport and installation envelegp(Gates,
1985)

1 Adopt a larger proportiooommercial equipment amtksignstandard¢Brown
and Andrews, 1980)This was seen to bespeciallyattractive for non
combatantssuch as auxiliary ship@Cooper et al., 2007and amphibious
warfarevessels (e.g. HMS Oce#Allison, 2015). However this camesult in
differentand potentially unacceptable and rigyrvivability capabilitiedut
be easier to buildand less expensivanitially (Arena et al., Q06) if
questionable value for monéxndrews, 2018)

1 Technical innovatiofAndrews and Brown,982)and complement reduction
(Brown and Andrews, 1980)
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It follows fromall the abovexamples, that could be adopthee to economic reasons,

that they have significantmplications on he resulting ship design andarc

compr omi s eandi me t ulr inpcaphbdity.f | eet 0s

NATO considerghe ealy stages of a programme (i.eoteptPhasg as the best

opportunity toachieve potential WLC reductiofdATO, 2009) This is supported by
Rawson (1973andAndrews(1987)sinceby the time the design is finalisadpst of

a ship

designods

u p k etreateleroentaW LA CCehave keeéni ¢ s

committedandare not recoverabléut the expenditure of design resources in terms

of time andfinanceis relatively smallasillustrated inFigure2.5.
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Figure 2.5: The early stages of a programme and the opportunity to reduce WLQNATO,

Estimating WLCduring concept design allows the cost effects of varying the principal

characteristics to be investigated while the design is still flex®éreyette, 1978)

It also enableslternative solutions, cost reduction opportunities, asgectsof
financial risk and uncertainty to be evaluaf®ATO, 2009) as well agradeoff

studies to be carried o(Rawson, 1973)

Despite the need to investigateosteffectivenessin its entirety cost redudion

approachebavehistoricallybeenaimedat reducing the UPC rather than the Tb€C

the warship(Brown and Andrews, 1980Althoughthe initial costs can be reduced,

these approachese unable taddress the fact that theajority of awars h s \WLE&

is incurred during the Hservice periodi.e. the TLC componen{Pepetro and Hoey,
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2011; Page, 2011Brown and Andrewg1980) provided atypical example of a
warship s  Vite@kdownthatshows a 1:3atio betweerPC and TLCThe large
differencein UPC and TLCis also illustrated inFigure 2.6 (TLC referred to as
Operations and Support (O&8Qstsin this case)

Acquisition Focus
Acquisition - Research and Development
Cost - Procurement

Other Costs:
- Direct Operatng and Support
- Retirement and Disposal
- Pro-rated share of
- Base Support
- Facilties

Q&S and
o o Infrastructure
Costs

- Central Logisitics Activities

- Medical Care

- Cenfral "School-House" Training
- Personnel Administration

Figure 2.6: The Whole Life Costs Iceberg(NATO, 2012)

The WLCiceberg(Figure2.6) illustratesthe historicalpropensityof governments to
focus on aspecthat they consider to be moiraportant to how theiterm in office
will be judged as well as the tendencytoasuries to massively discount early yéars
expenditureRizzo (2011) attributes this conduct to the intense political, media and
leadership attention on acquisition that shifte focus towardshortterm schedule,
budget and specificatiog) thus leaving the designer with limited opsoshould
complications arise. Consequentéylower priority is given tdhroughlife aspects
that leads tanadequatehrough-life sustainability and supportabilityHistorically,
procurement decision making has attachigher real values to monespentin the
near term compared with monetp be spenin the distantfuture, referred to as the
time preference concefindrews and Brown, 1982frigure2.7 is asampleemporal
illustration of awars h i p 6 sshoWwlhgBow navies spend much motedughlife
than in procurement during programmeé é$ifespan of more than 40 yea(Bage,
2011) Figure 2.7 emphasiseshe costeffectiveness of incorporating DfS features

during ESSDOn comparison to at build or evenservice.
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SHIP LIFE CYCLE COST PROFILE
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Figure 2.7: Temporal Ship's Whole Life Costs (Page, 2011)

However, thistime preferencéasthreemajor flaws. First, it will distorFigure2.7

i nto a (Q§pereceitvheedbcust omer 6s perWlpti on
Secondis that itoverlooksthe fact that the majority of crucial decisioaie made

during Early Stage Damn (ESD)whenmost of the cost is incorporated in the design
despite little of the design effort having been expendsgdecially for large complex

systems of systems like warshipdndrews, 2013) Consequently, should design
mistakes and shortcomings be revealed as the design moves imoréhdetailed

phases and more spigc design information becomes availapié becomesvery
expensive to rectifyn these latedesign phase@age, 2011; Andrews, 2013)he

third flaw is the inapplicability of théime preference concefat defence investments

given that most deferecbenefits cannot beasily quantified (Andrews and Brown,

1982) Unlike commercialfreight shipping where the benefits of possessiray

container ship oanoil tanker are easily quantifiable in cash terms, it is not so in the
naval domain whereertaincapabilities are intrinsically difficutio quantify, whether

thisbea supportability feature, ,@mmsmaldre ment
capability subsetssuch aghe sea boatdn addition, althoughhe full range of the

shi pds c agguiblioltsoverallenditaravaleejn realitynot all capabilities
arecontinuously utilisedor possiblyeverin the case of all out warfagreence further

complicatinganyapplicationof costeffectiveness decision making.

In summary given the escalating cost afiarships andhe sociotechnicalfactors
involved in naval ship desiggndits procurement procesaspectsuch as naval ship
supportabilitycanbe seen aattractive aresfor cost reductionddowever there is a
danger ofshortsighted cu in longterm vital investment ofdefence capabilityhat

are thenmposedrather thararising froma wellengineereaost saving. This shert
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termism can then resui eitherincreasingthe overall WLC or at bestfailing to
produce any real reductiorSor example, th Royal Navy Type 4Destroyers were
designed and built for minimum UPC and a®sult werdlifficult and expensive to
refit and updat¢Friedman, 2006)

2.2.3 Introduction to Naval Ship Design

Archer(1979)argued that the process of design should be treatddstinctiveout on
a par wih the other two areas of human knowledge; science and humanities. He
showed the interrelationships between these three areas by means of the diagram

shownin Figure2.8.

HUMANITIES
language
history literary arts
philosophy performing
social sciencd fine arts
> %)
SCIENCE 3 S S DESIGN
o e =
notation £ S 0 modelling
Q 35
Figure 2.8: The relationships between the three areas of human knowledge; humanities,
science and desigiArcher, 1979)

Andrews(1981) highlighted synthesis (i.e. the act of putting the pieces together in a
new way(Jones, 1970)asthe distinctive element that distinguishes design fotimer
human activities. As a part sfnthesisAndrews(1981, 1984, 1985 mphasisethe
architectural edment of ship design. He proposed an architectural approach to ESSD
as a way of dealing with the fact the a process, it is impossible to describe ship
design as a purely scientific or engineerisiggence endeavougiven the many
disparate design style issues involvgghdrews, 2018) Smilarly, Gale (2003)
emphasised the nature thie ship designprocessboth scientifically and artistically

by describing it as the activity involved in producing the drawings -@rcdmputer
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models), specifications and other da¢gded to constetian object, in this caseship

The ship design process candmmsidered to be affected by not just the type of ship
being designed, but also the personal preferences of those in the design team
(Andrews, 1985, 2012; Gale, 2003)

The act of O6putting it al |l togetlster 6 or
disciplinesto create the total fighting unis well aghe identification of the overall

design style to be adopteelssentially constitutthe role of the naval architect in the

ship design procesd@Brown and Tupper, 1988)'he naval ship designprocessis
characterisedespeciallyat the early phases, by theickeddnature of the process of

setting up and constraining the solution space to find the achievable and affordable
requirement. First coined Rittel and Webbe(1973)for urban planning and large
scale architecture, the term Owicked pro
complex ship design, since O6identifying
problen® (Andrews, 2011, 2013)The iterative nature of the process has been
attributed to the complex nature of ship design that has so far proven impossible to be
described by a set of directly solvable equati(bale,2003) To illustrate how the

naval architect deals with the various aspect of ship design sequentially and iteratively,

the first design spirglFigure Al.1, Appendix ) was produced bivans(1959)for

ship structural desigand many other versions have since been developedriguge
Al.2andFigure A1.3, Appendix 3. Andrews et al(2009)provided acomprehensive

set of different vesions of the ship design spi@hdAndrews et al(2012)a critique

of the ship design spiral. Ttepiral as a way represting the ship design process has

received a number of criticisms, such as:

1 It depicts the shiglesign process as a closed, sequential sefigepswhile
the process is in fact neither closed nor sequential.shiiedesign process
consists of externglimposed constraints and the inputs from outside the ship
design team are numerous, diverse, and unpredictabbadists of interacting
closed loops and intuitive leaps by the naval architect from one spot to another
in the spiralbs new knowledge mainedproblems are encounteradd design
drivers are identifiedBrown, 1986; Watson, 1998; Gale, 2003; Andrews et
al., 2012)

1 Performance functions are nonlinear and often discontinuous, and inequalities

are more common than equatigBsown, 1986)
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1 The degn spiral describes individuakttionsteps rather than tliendamental
decision making in theship design process itselfAndrews et al., 2012;
Andrews, 2013)

1 The design spiral imsensitive toship typeand programme drers (Watson,
1998; Pawling et al., 2017b)

Among all $ip types, warships, for variousasons, have been described as the most
complex, diverse and highly integrated of any engineering sy¢@rmakam (US Navy
Commander) quoted b§ates and RuslinL982). Described as being distinctively

large and compx (Andrews and Dicks, 1997) many aspects of |
performance ar difficult to quantify(Brown and Tupper, 19887 hey are designed to

be effective in a variety of rolg8rown and Tupper, 198&nd operatglobally at
variouslevels ofhostilities (Gates, 2005)vhile providing an appealing environment
forthecremandas Grahamput it , O0ser ve {(BwwonandiTappar,ed br ¢
1988) The design of warships also involves certaimsua high risks, the main areas

of which were outlined bieather(1990)in his study of fast (small) naval ships

1 Bottomup estimation of weight in novel designshere a decent first
prediction requires enormous amounts of effort
Auxiliary powergeneration requirementisat aredifficult to predict
Internal arrangement of key spacasch as the bridge and Operations Rpom
Theconcurrentdevelopment of complex weapons and software items that are
often del ayed or d othatparticularly madples tathe as r e (
shipds Combat | nf(oer Oparations Roomd) endiCondat ( CI C
Management System (CNI$ulling theelements of the CS together.

Gale(2003)considers both design complexity and risks to be directly proportional to
design novelty, and there has been suggestions that as a rule of thumb, a new design
should have 25% novelty and 75% weeied practie (Baker, 1958)thoughBrown
(1986)argues that since this would imply a total change only every four classes, there
may be a case for greater novelty despite the risk impirdrews(1985)outlined

the range of desigprocesses in ascending order of novelty of the design solution:
stretch of an existing shigypeship design (mven data base but restrictive);
evolutionary (marginally less restrictive than tglgp design) historical (a

compromise between good and bad, relevant and inappropriate previous ¢esigns)
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simple numerically based synthesis (restricted to

reasonably conventional

configuration solutions)broacer synthesis (an extension of the simple synthegis

integrating anarchitectural synthegisradical configuration (current technology

adopted in totally new configuratiore.g. Small Water Plane Area Twin Hull

(SWATH)); and radical technology (necessary to employl scale researchand

developmenprototypeslike the aerospace indusjry.

n reality, t he

task s a very complicated ondue to the variety of often conflicting objectives to be

met with limited budget¢Brown and Tupper, 1988; Gale, 200&imilar to civil

engineering,the taskis only male more difficult by theabsence ofcomplete

prototypes due to time, cost and size fac{@®own and Tupper, 1988jhe small

product numbers in compson to other industries like the aerospand automotive

(Andrews, 1998)and the lack ofiewproductionlinesspecific to a new design the

shipbuilding industrfAndrews, 2012)

Figure 2.9 is the illustrationpublishedby Andrews (1992)to describe the various

phases ofhe naval ship design procgssor to the Smart Acquisitioprocess.

FOR FOR APROVAL

NO DESIGN
ENDORESEMENT ~ APPROVAL APPROVAL OF THE CONTRACT

FOR
DESIGN APPOVAL TO INVITE APPI%%VAL

S A S Y Y S A

SPECIFICATION)

ORDER

CONCEPT CONCEPT FEASIBILITY DESIGN BULLD TENDERS DETAILED SHIP POST ACCEPTANCE
STUD DESIGN STUDIES DEFINITION CONTRACT CONTRACT | DESIGN & BUILD TRIALS
DEFINITION | NEGOTIATION
&
ASSESSMENT
1-3 YRS 12 YRS 13 YRS (PROCUREMENT LYR

36 YRS r 1YR r

ACCEPTANCE OPERATIONAL

Figure 2.9: UK Naval ship design proces§Andrews, 1992)

Brown (1986) described the Concept Phasetlas onlytime to introduce genuine

design noveltyDuring the Concepthse, many ideas are explored by the designers

in an attempt to understand thbeu s t 0 me rthéoagh disdogudaisd convert them
into a technical solutio(Brown, 1986; Gale, 200Zndrews, 2011)Andrews(1993)

loosely divided th&€oncept Rase into threeverlappingstages; Concept Exploration,

Concept Stues and Concept Design, through which alternatives are explored and

promising ideas are developed in sufficient details to enable realistic estimates to be

made of size, cost and capabiligBrown, 1986; Andrews and Pawling, 2007)

Although the ConceptHase is when major decisions are mad# teadeoff studies

carriedout on requirements and affordabilifgrown and Andrews, 1980; Andrews
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and Pawling2009) thus effectively committing the majority of future cqgtee cost

of this design efforin terms of time and resources is ontyng fraction in comparison

to that of the entire proje€¢Andrews, 1987)Brown and Andrew$1980)described

the Concept Rase of a typical naval combatant to require six people for six months as
opposed to hundreds of peodla the much longer latephases of th project
(although in recent naval programmes getting through Initial Gate can be tortuous, e.g.

nearly two decades in case of the Future Surface Combatant{Typ€26).

Suchalarge contrast makesntuchmore sesibleto identify and tacklgroblematic
issues and chandbke designif required during the Conceptiase(Heather, 1990)
(Gale, 2003)as the cost of rectifying problems during the later design phases is
disproportionately highefGoossens, 1992Yhis means that should cost reductions
become necessary in the aigtd phases of the design, they avere likely to be
implemented through omission of equipnmt rather tharradical design rework
(Andrews and Brown, 1982)

In conclusion, it can be said that the early phases of desigoept in particular, are

t he mo s t i mportant as t he adopted desi
corresponding design ancbst aspectgPage, 2011) This was encapsulated by
Andrews et al.(2006) a sthe @ften quoted truism that 90% of the major design
decisions have been made when lessthan 10%0déilgn e f f ort has been

2.2.4 Traditional Early StageNaval Ship Design

Brown and Andrew$1980)listed the traditional subjects of naval architecture as the

6 ®i Speed, Seakeeping, Statyi)i (structura) Strength and StyleThese were
described as being 01 i . kKavatatthétects leage,focuised e s s €
onthe first fourcharacteristicéS*) that although diverse, acensideredisessentially

definable in numerical termand described as direct performance requireménts

the other handStyle related issues, defined as crosing ship design information

(Pawling et al., 2013haveat bestbeen examined at later stagésdrews, 1984)

Speed and Seakeepingquirementsare largely determined through conducting an
Operational AnalysigOA) in pre-defined operational scenariofhe results from
thesetradeoff analyses also lead to the selectadrCS characterists On the other

hand, Stability and(structura) Strengthare assessedeparately from thé®A by
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adopting the appropriateaval standardthat have to benetand are unlikely to be
subjected to tradeffs or negotiableTable Al.1 (Appendix J is a taxonomy o&*
plus CS characteristicsllustrating relevant ship design asfgeto considerand

corresponding features.

Similar to thedesign spirals shown iAppendix 1 thetraditionaldesign process
considered to consist of discrete sequential steps and feedaukews, 1985;
Andrews and Dicks, 1997as showrin Figure2.10.

Daley’s Overlaps
A Visual Schema
. B Linguistic Schema
ch.ler C Value Schema
Design

D *Conscious’ Propositional Knowledge -

Environment strongly influenced by Design Constraints

~

/¢ Designer’s ‘idiosyncratic’Influence
\

/ \ N ~
/ RN
/ \ A A
4 |

Task Current Current Integrative Current

Owner's Style of Directed Crude Output Subsequent Output Process Output of
Emerging P Generative ' Form P Accumulative
itiati io Desi & i electi S5 rather than ;
Initiation Ship Design Input Process of lnmzfl Selection | of [‘()I'H-I COI;]pI'C‘]CI;Si\C Architectural
Synthesis Analysis and

k\ 7 k 7 Engineering Synthesis
\\__—// \\\ //

Figure 2.10: A summary representation of pre architecturally-orientated sequential synthesis
in ship design showing the feedback loops agotted lines(Andrews, 2003b)

In the first iteration of the design proseshe initial sizing has classically relied
heavily on extensive amounts of existing ship data and scaling ratios to produce the
first estimates of weight and space requirements castls (Brown and Andrews,
1980) Andrews(1985)producedrigure Al.4 (Appendix J to illustratea simplified
model of initial ship sizingpurely as a mechanistic proceasd emphasisehe
assumptions implicit in such a design routine andrtipdied specificsources of data
This crude initial sizing can then li@lowed by the parametric survey refine the
main hull dimensions and underwater coefficients which, traditionally, beas
mostly concerned wittbalancingstability and poweringSuch aprocesonly moves
into the development of ship layouts once parametric survey is fingdfiseltews,
1985, 1987)

Several disadvantages have been attribtgddistraditional ship design proceds.
does notrepresent a fully integrated design process, limits design creativity and

innovation and restricts the apgtion of computers to theumericallybased design
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stepsonly (i.e. initial sizing and parametric survegAndrews, 1985, 2003b)The
sequential nature of the processults in having to develop the skgchitecture and
layout within the confines of a hullform already defined and fixed through initial sizing
andparametric surveyAndrews, 1981)thuslimiting the scope for @sign creativity
and innovatioror even ensumg that vital, architecturallgependent capabilities can
be met within the envel@p(Andrews, 1985) Architectual development is also
constrainedby naval standards that must be met regardless of other issues (e.g.
transverse bulkhead locations determined by damage stalafity zoning
requirementsjBrown, 1987; Andrews, 2003bJhe development of issues related to
crewing, ship operations and personnel face the same restriatigrtirough such a
seqience agigure2.10, can only be investigateslith the design already constrained.
This can leadlo operational inefficiencies and potentially hazardous environments on
board(Andrews, 2006)with corrective design altations being legthy and expensive

at such design stagand likely to be compromisgéndrews et al., 2009)

Another weaknessf the norarchitectural approadbk the purely numerical nature of
initial sizing and parametric survéfndrews and Dicks, 1997)eading to extensive
reliance in the process on existing stigta(Gates, 2005a nd t he desi gner 0
develop suitable scaling ratig€ooper et al., 2007)Also, any numericallybased
parametric survewill fail to take into accounhe architectural element of ship design
(Andrews, 1985)Further shortcomings are caused by the group Weight Breakdown
Structure (WBS)raditionally used by the process to describe ships and associated
component$Garzke and Kerr, 1985yheUK MoD (2010)standard hathe following

eight weight groupst) hull and superstructurg) propulsion 3) electricaj 4) control

and communicatigrb) ancillary systems6) outfit and furnishing7) armamentand

8) variable loadWhile this classification allows comparisons between a new ship
design and existing ships check design completendgsdrews, 2003h)it is aimed
towardshow the ship manufacturing industundertakes shipbuildinfGarzke and

Kerr, 1985; Andrews and Pawling, 20G8)dits particularuse fa ship costing UK

MoD, 2010)can be seen as an inhibitor wittgard to design creativity andovel
solutions (Andrews, 2003h) As a completeness check, it can resultawoiding
innovative options and the subsequatbption of design solutions excessively based
on previous designhat arepossibly no longer appropria¢@ndrews, 2003b)Also,
theweight breakdown description is not suitable for examining the overall effects on
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the ship from adding or removing certain capabilitiethat requirea more
architecturallybased definitiofAndrews and Dicks, 1997)

In conclusion,Andrews (1985) argued that the traditional ship synthesis is neither
comprehensive nor integrative but at best progressive, underlining the scalar
description of the initial design as contributory to fdakure of thisprocessto be able

to comprehend many of the important design Style issues (e.g. a gross measure of
space is unable to address aspects such as accessibility). Héhstiatsidcdorward
momentum andthe pressure to maintain an agreed schedule is inevitable in
development of an actual design projette feedback loops iffigure 2.10 are
somewhat optimistic. Thus there is a reluctance wittaditional shipsynthesis to
exploit this desirabléerativecharacteristic. Wile innovatiorsin designdevelopment

and design approach aseen to be necessary to respond to the pressures of
diminishing budgets antbss of expert knowledggBrown, 1993) the traditional
approach toESSD would seem to inhibitcreativity and the full exploration of
alternatives, resulting in most new desidpeing based on existing vessdls risk
reduction reasonfAndrews, 2003b)However, the rapid development of computer
graphics since the late 1990as enabled a fully integrative ship design synthesis
where style and architectural factors can be incorporated into the design decision

making process from the very st@indrews, 2003h)

2.2.5 Architectural Modelling in Early StageNaval Ship Design

Brown (1987)stated thatri naval ship design, the artgiture often does not receive

the attentionthat it deservesince aspects like ship hydrodynamiesd internal
partitioning (for damage stabilityare prioritised He emphasised the architectural
elementby defininga moder n vaa assemblyp of m@ipurpdse spaces
interacting in a complex manner and located within an envelope, the hullform, the
overall shape of which is governed by hydrodynamic performance requirements and
internal partitioning determined by structural continuity and damage corgain
requirements to a far greatextent than an onshore buildibg\ndrews(1985) had
alreadysuggested that th&hip design process dfigure 2.10 should beintegrated

such that a first step could be a preliminatgrnal arrangemefbcusedort he s hi pos
primary role, and followed by enveloping the layout within atable and

hydrodynamicallyefficient hullform. This suggestion is in line witthe fact that
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structura] stability,and hylrodynamic considerations are no longer the adyship

design driversilt is insteadthe overallarchitectureanddecklayout thatsignificantly

affect thebuild and running costs, fighting capability asréwefficiencyand comfort

and so catoe the design starting point whibeingreadily adjustabléo meetfurther
emergenengneering requiremeni®@rown, 1987) However,due tothe complex and

i nteractive natur e ,m$ wek asvha maltiple pndl oftera r ¢ h i
conflicting requirements it has toeet,evaluating the qualitgf a particuladayout is

difficult. For example, thénk between machinery spaces and theargleck through

uptakes and downtakes will interact with tsleip architecture in many ways.g.
separation and duplication of vital spaces and zQr(fagdrews and Brown, 1982;

Brown, 1993)Brown(1993)d escr i bed tihde¢ swélprofbliemtaer act
relatedto architecture, thusegarding ships as architecturatlyiven rather than by

weight oreven grosspacearguments.

Given that warships cahe sea to be primarily architecture drivemrchitectural
modelling inearly stageaval ship desigis considered tbetter identifymanydesign
drivers andisk areagAndrews, 2003b)Adding a new, configuratiohangle to the
initial designsynthesigrocessllows the naval architect to be innovative and better
contribute to the initial divergent phag@rown, 1986)andto deal more efficiently
with design complexitiegAndrews, 2003b) It is also possible teystematically
develop and investigate a much largeimber of design alternatives and improve
tradeoff studies and cost estimationsushassist early design decision making and
mitigate the risk of errors amutolonged expensivdesign rework¢Andrews, 1985;
Andrews et al., 2006; Andrews and Pawling, 200tegrating the ship architecture
and configuration with weight, space and form parameteableghe shid sverall
dimensiondo be readilyadjustable throughout the evolutany processof a concept
studyto achievea moreefficient layout(Andrews, 1985, 2003b)rhis, in essence
contradicts the traditional approach where the slesignemwould appear to always
strive to avoidany increase in ship size, especially length and displacement
(Andrews, 1981) A fully integrated design process enables the ship designer
exploredesign aspects thagave traditionally been difficult or impossible to explore
through a numericallypbasedESSD Theseinclude: design style aspects, such as
zoning, vulnerability, cellularity, modularity, accessibility, choice of margins and
habitability (Andrews, 1985)see(Pawling et al., 2013; Andrews, 2018y a more

55



2.2Naval Ship Design

comprehensive study of design style aspeets)imore informative earlyntegrdion

of the shipCS (Andrews, 1992)Despite the fact thauestions hee been raised as to
how to evaluate certain aspects (e.g. vulnerability, habitab{li#grzke and Kerr,
1985) the ability toconsider them during ESSBllows more believable design
solutions to be produced through better cost estimatefaddsign comparisons to
be based on operational performance as well as imgroest estimateAndrews,
1985; Garzke and Kerr, 1985jinally, sincerequirements elucidation can only be
properly undertakehy concurrentlyproducing @sign optiongAndrews, 2003h)the
essentiatlialogue between theartiesinvolved, includingthe requirements owngs
likely to be more productiviairoughearly architectural and configurational modelling
(Gale, 2003)

The dimensions of a space-board a shimre not limited to lengtharea orgross
volume, but rathencludeits locationand shapéBrown, 1987) Thereforeempbying

the advantages of moder@omputerAided Design (CAD)tools enables the
implemenation of an architecturalipased, fully integrated, more innovative and
adaptable ship design procdgsdrews, 1981, 2003b)he rapiddevelopments in
computer graphi¢ssince the early 2000bave opened up the way for sophisticated
architectural modellingAndrews and Pawling, 2009gnabling ship designers to
rapidly produce large numbers of design alternatives with less mistakes, thus reducing
design reworks and cosfGale, 2003) explore significantly different layout options
and assesshethership featuresre affecteqAndrews, 2003b)Computer Aided Ship
Design (CASD)allows the ship designer to carry out investigations that were
traditionally done in the later design stag@adrews,1998; Cooper et al., 20Q7pr
example the weight and cost estimations of alternative structural opfiadsews

and Brown, 1982)the assessment of vulnerability and structural contigangrews,
1993; Crow, 2001 )circulation ofpersonnel and logistic of freight movemamnée all
addressablehrough simulation techniquendrews ad Pawling, 2009) with
investigation of highly congested ardagilitated by3-D-modelling (Gale, 2003)
These new capabilities could, to a certain extent, tackle the observations made by
Garzke and Ker(1985)regarding the evaluation of certain ship characterig¢éias
mobility (hull, mechanical, electricglsurvivability, habitability, multipurpose CSs)
Also, the improvemestin computer toolsand 3D madels incorporatingimulation

and walkthrough capabilitiescould potentially reduce the extent of physical
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modelling (i.e. mockups of certainparts ofthe ship that are expensive and time

consuming to both construct and modif¢éale, 2003; Gates, 2005)

Thanks tosuchmajor developmentsn computer graphicgst is evident that a nre
integrated and innovative ES$®achievablgd Andrews and Pawling, 2008)hile the
desgn is still being developedAndrews et al., 2009)This then increases the
designed s abi |l ity t o thedwvesgenephsestohtle desigi@grqwe, o f
1986) while enablinga more descriptive comprehensivelesignto emerge. The
resulting desigrshould then betterevealwhat are thessues critical tanajor design

and requiremerdecision makingAndrews, 1993)

2.2.6 The DesignBuilding Block Approach

The proposal byAndrews(1981)to integrate ship architectukeith the traditional

numerical sizingwakllowedby t he demonstrati(@nmdrewsf o&écr e
1984) that was preset ed i n the paper entitled O6AN
Sy nt hAandrews,d985)In this work, a snple hullformgenerator was employed

to produce the hull and deck outlines of a frigate, followed by placement of
compartmentsA graphical facility was used for layout and spatial auditing and
proceeded by extraction of space and weigiita and reiteratiorBased onthe

desirability of relative juxtapositions of specific compartmerntse concept of
producing 6circl es ofAndrews$(1985as oreaywla s pr c
developing an initialayoutof a representative frigabefore a hullform was sized and
balancedThe combination of circles of influence tfo groups of compartmenis

shown in Figure 2.11. Using this, Andrews (1985) produced the network
repreentationshown inFigure2.12 to illustratethe compartment relationships for a

full synthesis. From this networRndrews (1985proposed positidng a disposition

of compartment blocks on a graphical disphayshown irfFigure2.13, at least for the

major compartment groups in thmain regions of arrangement conflide.g.
superstructure and main through decKsigure 2.13 demonstrateshow a fully

integrated ship synthesmight be carried outo produce a -® block layout of a
frigate, around whi ch (Andrdws, 1985 2003tm) coul d b
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Figure 2.11: Combining two sets of circles of influence from preferences in compartment
juxtapositions (Andrews, 1985)
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Figure 2.12: A diagrammatic indication of a network representation of the compartment
relationships for a full synthesis(Andrews, 1985)

58



Chapter 2: A Reviewof the State of the Art in Design f@upport for Naval Ships

Figure 2.13. A diagrammatic suggestion as to how a full synthesis suggestedBigure 2.11
and Figure 2.12 might be accomplishedAndrews, 1985)

Brown (1987)denotedheJunior Rate$JR) Dining Halls as an obvious exampiéth

many layout relations thaan beusedtb or m o6 ci r c | @.g. adjatentiton f | u e r
and have good access to gadley complex andarious types of store rooms, sited in

areas of low vertical acceleratiorAndrews (1985) also regardedhe location of

operational spaces like the Qpatiors Room, machinery spaces, as well as
accommodation spacégiven their preponderance in the space dispositaihe

most important dispdasons that should be central ohe cr eati on of (
influencebT he study was however restricted due
computers. The initial hullform, and thus deck plans, were developed using hull
coefficients typical to frigatesthat would not be easily available fexploring
unconventional sipes andnore generahullforms (Andrews, 1998)Nevertheless,

the approachensured that the disposition of principal spacesld beused to

determine both the initial sizing and selection of hull dimensions, thus avading

purely numeigal sizingand parametric survgyrocessAndrews(1985)demonstrated

a mor e dppraathitosafullyntegrated ship syntheBigyre Al.5, Appendix

1) andrevisedthe initial sizing procesgFigure Al.4, Appendix ) to producea
process(Figure Al.6, Appendix ] thatintegratesthe preliminary layouinto the

numericalsynthesis process.
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