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ABSTRACT

The paper follows on from a recent IIME paper and summarises aargwstageship design approach.

This is termed the Network Block Approach (NBA) anchbinesthe advantages of the UCL 3D
physically based ship synthesis Design Building Block (DBB) agbrand the Virginia Tech originated
Architecture Flow Optimisation (AFO) method for distributed ship service systems (DS3). The approach
has been applied to submarine DS3 design and utiliaeset of novel framewoskandQi net i qo6 s
Paramarine CASD suitteatures. The proposed NBA enables the development of a submarine concept
design to different levels of granularities. These range from modelling individual spaces to locating
various DS3 components amsgistemroutings. The proposed approach also enabhes designer to
balance the energy demands of a set of distributed systems. This is done by performingsateeady
flow simulation and visualising the complexity of the submarine DS3 in a 3D multiplex network
configuration. The potential benefits and iliations from such a 3D based physical and network
synthesis are presented. The paper concludes with a discussion of the NetworlAfiomkch
comparing it to previous applications of network theory which have been to surface ship design. It
concludes thait would be possible to better estimate DS3 weight and space inpetrlyestage
submarine design and also enable radical submarine configurations and DS3 options to be reflected in
early stage submarine design for better concept exploration and eggeirt elucidation. Finally, further

work on the sensitivity of the approach to designer inputs will be addressed in future papers.

1. INTRODUCTION

As a Physically Large and Complex Systems (PL&C), the submarine design pesaEsapasesvarious design phases
which may beconducted by different organisation entities. The design plcasesriseconcept, assessment or feasibility,
followed by contract or ject definition to fix price and chedkatthe selected design remains balandédsespecially
applies tahe buoyancy and stability balaneven itis more demanding in submarine design tfuasurface shig, which
needs to be done befgpeoceedig to detailed desigfAndrews 1994)However, in the initial sizing of complex vessels,
where recourse to type ship desigroverly restictive, one crucial set of design features has traditionally been poorly
addressed. This is the estimation of the weight and space demands of thediatituged ship services systdimS3).

DS3 isa collection of connected components that providernacgefrom one or multiple sources to multiple users, via
connections throughout the ship, directed towards defined functions, supporting specific operations of tfMuldsetl

al. 2021) Such aype shipapproach not only inhibits the ability of the concept designer to consider the impact of DS3
options with distinctly different stylesbut also ignores the opportunity (or necessity) to undertake Requirements
Elucidation, more specifically for DS&ndrews 2018)

Given there is a neleto consider DS8 abettermannerthana scaling based parametric approach, this does not mean the
Concept Phase must 06 b o fotDS3IrsynthasiRedehpapempby tbe aathorgMdudtti etlaé 20199 n 6
Mukti et al. 2021 )presented an early version of DS3 synthegisredesign flexibilitywas achievabletilised a tool for
DS3fiSubmar i ne FI| SUBRLOPW), whichsvastoinbinadowith the UCL Design Building Block approach
(Andrews et al. 1996)That implementation revealed the technical issuken integrating the networkased sizing
approach with thevhole submarine desigsynthesisusing SURFCON Paramarin®ukti et al. 2022) A significant
amount of efforivasrequiredusingboth approachesndthis inhibitedtheexploration ofDS3 options in ESSD. Thus, this
paper presents a novel approach that adds#sséssue and provides a mdrelievableDS3 synthesis than tiiype shid

or Gule of thumlbscalingapproachyetis not too detailed afull DS3 desigrappropriatdater inthe process

The paper commencesth the novel approach in the context of previous approaches to initial submarine Bebaming

this, the recent networtheorybasedstudies for the design of distributed systaresdiscussedhat have been applidxy

the researchets navalsurface vesselandthe newapproachs thenoutlined. The remainder of the paper is taken up with
an application of the proposed approactetnly-stagedesign (ESDYor a typicalconventionapoweredsubmarine. The
paper concludes by discussing the advantages presentedstditiegine designer by this approach with the potential of
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such a concept desitpeing more DS3 information rich and fostering a more explorataigaepproacko DS3 Finally,
the focus of currentd CL resarchusingthe proposed approatt submarinestudiess briefly presented.

2. APPROACHES TO EARLY STAGE SUBMARINE DESIGN

ESSDfor complex vessel$ias been describdry Andrews(1994)as three overlapping stageghich are focused on the

task ofRequirement Elucidation: Concept Exploration; Concept Studied Concept Design. Concept Exploration is a
wide-ranging exploratiof potentialsolutionsto meet the initiahnd very broadutline requirementsSuch an exploration

could be based oam nominaldesign solution space, which Andre¥&018) suggests couldhave three main ageof
investigationscapability; packaging; and technolo@ hena naminalbaseline should be developed in sufficient level of
detailto conductConcept Studies to investigate issues that are likely to be significant size or cost drivers in theegesign
Andrews(2018) Finally, Concet Design is conducted to working up the selected baseline design or possible two distinct
competingoptions by performing tradeff studies of costapability and highlighting design risks. The following three
subsections discuss the main approacheshtimarine ESD.

2.1 DECISION MAKING PROCESS OF COMPLEX VESSELS

Given many important submarine design decisions are made either consciously or unconsdimeSlgrinept Phase, the

issue is that such major design decisions are oftequestioned nor acknowledged by design stakeholBarthermore

such decisionshould besubject toinvestigationin a properly conducted Requirement Elucidation pro¢Assirews

2018) Andrews(2018) in turn,has long proposetthe whole ship design proceissbest summariseit Figure 1, which
doesnotjust list sequential tasks in the ship design process but also encapsulates major decisions the designer must take
often by defaultto undertale thosetasks see Figure 1 fronfAndrews 2018) This series bspecific decisiondor a
conventionapoweredsubmarineare given in Figure 6 dhndrews(2021)and the unique natud the submarine design

process summarised in Section 8. 4Aidrews 2018)The f i rst nine steps in the 6dec
in Figure 1coverthe ESD scope of the paper. The next subsection discusses design approaches that could potentially
accommodate both the synthesis of the whole submarine as well as thatfaiousDS3. This leads to a discussion of

the selection of the synthesis model type, which is ste
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Figure 1: The decision making sequence for complex vesselstlined in detail in Figure 4 and Appendix A of
(Andrews 2018)in a similar manner to the submarine example in Figure 4 ofAndrews 2021)



2.2 TRADITIONAL NUMERICAL SYNTHESIS

The approach to initial submarine synthesis used at UCL for the annud$ostubmarine design and acquisition course
(SDAC) (UCL 2021)was adopted from a sequential design procedure given by Burcher & Ry@8lt) The procedure,

as is shown in Figure 2, begins with an initial set of broad requirements to initiate the pFooesshese initial
requirements, a set of payload equipment can be sel&dtezh then givea firstnumerical indication of likely submarine

size.As auchit canthen be used to parametrically estimate the size of component design features based on mathematical
relationships with coefficients suggested by Burcher and Ry®84) Thismay be devel oped based u
drawn from their handsn submarine design experience within the UK Royal Navy, suggestihgrsies of thumb are

likely to be different from navy to navy (e,dJS Navy (Arentzen and Mandel 196@&nd MIT professional summer
programmegJackson 1992)T h i s, in turn, i mplies the O6fThaditteironna&lhd me
hererefersta6 cr ude 6 (or o6gross6) initial estimation of wei ght
reflect necessaryhe architecturalrealities (sedurton(2016). Thus, his first numerically balanced design implies the
longitudinal momenéandvertical balancéave yet to beaddressedt was considered that the adoption of just this procedure
was insufficient. The submarine design needs to incor
submarine to enable the physical models of DS3 toobsidered early in the design process, as is discussed in the next
subsection.
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Figure 2: A generic submarine design procedurgedrawn from Burcher & Rydill (1994)

2.3 THE UCL DESIGN BUILDING BLOCK APPROACH

The limitation of the traditional numerical synthesisaddressingequirements elucidation was first raised by Andrews
(1981) who then demonstrated an architecturally driven ship sgisttendrews 1984)which wassubsequentlyjully
integrated to the submarine case with the architeemdeweightorganised functionally, (e.g., Fightjove, Float, and
Infrastructure) as opposed to the traditional weight breakdown stryétndeews et al. 1996)This approach, known as
the UCL Design Building Block (DBB) approa¢Andrews and Dicks 1997)s now a proven design method and was



implemented as theuface Wncept (SURFCON) module (for both surface ships and submarines) in the sophisticated
fully three-dimensional (3D), commerdig available naval architectural Computéided Design (CAD) software
P ar a ma (Qineti@ Z19)codedby Graphic Research Corporation (GR&hdrews and Pawling 2003)

However, there were several drawbacks in implementing such a sophisticated-@)|igh-fidelity, high-capability
ComputerAided Design (CAD) modelling tool in ESSD, such as the difficultiestdwfort in modelling or creating each

of the numerous features and placing them individually. The latter can be considered laborious and demanding, especially
if detailed modelling must be carried out after each design change and itéfatdrews et al. 2009)Such modelhg

effort can be referred as to the Gulfs of Execution and Evaluation (see Bigwtechhighlightsthe overall effort required

in making a system perform the desired task corréiilyman 2013)Therefore, the 3D based synthesis was then reduced

by the UCL ship design research tetmbe whatischled 62 . 5D6 to all ow a simpler ar
be developed Hmouse for specifically, surface ship research and educati@ferred as to the UCL JavaScript layout
exploration too(Pawling et al. 2015; Kariampalis et al. 2021)n the current paper, an alternative soluti@sdeveloped

without creating a further separate or standalone design tool like theJeNzScripttool. That tool sacrificed many
advantages of using 3D based synthesis and 3Dnieid dialogue, which Paramarine facilitated and was seen to be
necessary for exploring the submarine DS3 in ESSD.
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Figure 3: Gulfs of Execution and Evaluationfor CAD Development after Norman (2013)

Although the synthesis of thehale submarine design could have been developed using the sophisticated 3D based
synthesis UCL DBB approach, it was seen to be sensible to comsitlee next sectioresign issues and existing
approaches specific to designing DS8meof thesewere seems aiding the designer in developing DS3 beyond phygical
descriptivemodels in ESSD.

3. SYNTHESISING DISTRIBUTED SYSTEMS ISSUES AND APPROACHES IN EARLY STAGE DESIGN

Designing DS3s quite complex and relevant information may not be addresdahlgginitial submarine sizingBurcher

and Ryill 1994), furthermore, each DS3 technology may require different design methods. Sizing from the first principle
or detailed sizingnaygive a more accurattesignthanatraditional numerical or parametric approd&ttapersma and de

Vos 2015) however, it can be timeonsumingMore importantlythe detailed component design information may not be
available at the earliest design phased quite distracting from the essence of E$&fuirements elucidatiofdndrews

2018) Lying between detailed DS3 sizing and the traditional numerical apprahehiise ohetwork theory. This requires
fewer assumptions than detailed sizing but is seen to be better than a parametric approach when applied to distributed ship
service system®)S3 as already defined in the beginning of this paper, is an assembly of corindistieldial components

and thusappropriate to bstudied using what is called a network or graph. A network is a collection of points connected
by lines usually known as arcs or edgdewman 201Q)Modelling connected entities as in a DS3 as a network has been
considered as a means to new insigRewvman 2004)Not only can a DS3 be modelled as a network, but alséoredhips
between spaces within a ship arrangeni@atvling and Andrews 2018; Gillespie 20123 well as variables within design
algorithms(Collins et al. 2015)

Givennetwork theory specific to submarine systdms not been applie@pplications of network theory to surface ship

design were also investigated. Table 1 summarises and psavidghlevel comparison of how network theory has been
applied to naval surface ship distributed systems design. Table 1 also indicates that all the current approaches require
different architectures as the main infeig.,logical architecturehow DS3 components are connected each pphgsical
architectue, how DS3 components are located on the vg&effort etal. 2018). A network of the shiganmodé the

spaces within a shifphysical architecturejyhiienodes i n the distributed systoemds |
thosenodes in the physical architecture. Each approach used a different apimtechnique for systems routjnghich

rangefrom the shortest path algorithiiDijkstra 1959)to the Network Flow OptimisatiorfTrapp 2015)discussedurther

in the followingSubsection$.1 to 3.4



Table 1: Summary of network theory applicationsto ship service distributed systems, taken from various sources as specified in the header of the table

(A) The LPAT approacfShields et al., 2017)

(B) The early routing approadDuchateau et al., 2018)

(O TheArchitecture Flow Optimisation approa¢Robinson, 2018)

System model for the-BAT algorithm applicatioftotal of five logicsncluding

Power system network as the input of the early routing appro@ichateau et

Mechanical plex logical architeire that provides a list of components
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3.1 PHYSICAL SOLUTION APPROACH

The research produced by the University of Michiganos
network theory(Newman2010)to naval ship design general arrangemé@#lespie and Singer 2013and a better
understanding of the relationship betwd2i’$3 and s hi p Rigterdnk et aln2@lel)mire rLogicalPhysical
Architecture Tanslation (LPAT) algorithm was proposed to provide the designer with knowledge of physical solutions
using network approachéShields et al. 2017)In this approach (see Table 1 (A)), DS3 routing was developed from logical
architecture, via simplefShields et al2017) and multiplex networkGomez et al. 2013yhich could be said to be similar

to a multislice networkMucha et al. 2010)epresentatioriThe L-PAT tool from the University of Michigan could give
insights into a DS3 physicablution (routing), by indicating wherein the vessel the DS3 physical solution could be located
without requiringdetailed physicainodelling. However, the process behind making the minimum input information (such
as the size of DS3 major components ané&ét vessel 6s physical architecture) fo«
guestionable and thusas notseen to be very helpful in understanding the starting process for synthesising DS3
components for submarines.

3.2 EARLY STAGE ROUTING AND AUTOMATIC TOPOLOGY GENERATOR TOOL

As shown in Table 1 (B), TU Delft has wundertaken DS3 r
approachivan Oers 2011)TU Delft used a genetic algorithm (GApeb et al. 2002and Pareto Front representation to

reduce the number of solutions in design space explorations of DS3 in ESSDthésagwo methodshe Automatic

Topology Generator (ATG) was createdtoiasst a system designer in the decisioc
DS3(de Vos 2018)The TU Del f t 6msthaAtieGoutng of DS3hcauld be done using an automated and
optimisationbased approach, where many options could be explored using a network representation. However, the
optimisation is done onlgt thelogical architecture level of abstraction. Furtheo r e particular ship
known before ATG can function, as the number of components is a chosetoitjeummade before the ATG can be run.

This would seem to be a process lldniversiy o f Mi lc-PAIT @, widich is more suitable fasutsidein ship

design approachdgsee Andrew$2018). The output of ATG was seen to only explore the number of connections and thus

was considered naufficiently sensitive to varying DS3 componatitoice for(say) for redundancgs part o more style

driven approacliAndrews 2018)

3.3ARCHITECTURE FLOW OPTIMISATION APPROACH

The Network Flow Optimisation (NFO) approach combines network theory and linear progra(naimg 2015) In the

NFO approach, nodes and arcs are modelledeisd mathematical variables describing the necessary constraints, bounds,
and objective functions for linear programming to be undertaken. The NFO apgcadiedd NonSimultaneous Multi
Commodity Flow (NSMCF)was applied to model shipboard IntegratetyiBeering Plant (IEP) by Trapf2015)via
Mixed-Integer Linear Programming (MILP). A follow up to this was the development of Mowltaneous Multi
Constraint ParalleCommodity Flow (NSM®CF) or Architecture Flow Optimisation (AFO) by the research team at
Virginia Tech led by Browr{Robinson 2018)Since then, AFO has been significantly enhanced and developed to be the
Dynamic AFO (DAFO) and Vulnerability AFO (VAVO)Parsons et al. 2020)nlike a semantic networ(Sowa 1983)

AFO was used to model the actual physical objects representing a total ship, all systems (~500 DS3 components and ~1200
connections) in a putative large and complex naval comb@angons et al. 2019Although this is not feasible without
recourse to a significant Machinery Equipment List., equipment databag@arsons 2021)AFO allows a direct
representation of decisions made for different DS3 style choices in a ship design. AFO can provide numerical data, such
as power, which can then be used to scale the size of baseline DS3 com{&iimaas 2019)Thus,unlike other network
applications, AFO has been applied to design and sizébdied naval ships systems. Such conversion to space and weight
input for the relevant DS3 was only possible provided that the power to weight ratio and power to volume ratio were known
or assumed, which means the approach is also dependent on theafubétdatabase of DS3 components.

I nstead of tracking various commodities i n t(Thapp20k&)t wo r k
AFO only tracks energy flow in a steady stededition, using prelefined plexus. This simplification allows the inclusion

of multiple DS3 for a ship through linear programming optimisaitioBSSD The approach in using the AFO tool is that

the definition of the wairditaureshosldbe ket as sifnlehagposéiaBinsan POL8) p hy s i
This also applied to the approaches from the University of Michigan (Table 1 (2A) and TU Delft (Table 1 (2B)) and thus

the volume of a space, such as a typical shiughasetworlb mpar f
tool to be easily used without the need for physical modeitinlyding some detailed ship arrangemesst in theUCL
DBB approachHo we v er , the AFO process has been devised to wo

processwhich is different from the insideut UCL DBB approackAndrews 2018)The surface ship applications of AFO
were limited to ship procurement cost and survivability formulation and thus as they stoatbtwesasidered applicable
to submarinedbds DS3 H&Eethiwpapen prasdants dnwaltetndtive appnempilkying the Network
Flow Optimisation approach to submarine DS3.



3.4 SMART SHIP SYSTEMS DESIGN

As summarised ithe 2018MDC state of the art report on design methodology (Andrews et al., 2018), the Electric Ship
Research and Development Consortium (ESR@IR-ESRDC 2018focused on future electriurfacewarships using
high-energy weaponi&halfant et al. 2017)hat consortium has developed a collaborative analysis tool called Smart Ship
Systems Design (S3@%mart et al. 2017 his enables specialist engineers to be involved much earlier in the design phase
(Langland et al. 2015)Further relevant work has provided specific ship design inputs from the simtbased
environment to evaluate thermal cooling system dg@gbaee et al. 2015nachineryJurkiewicz et al. 2013and power
distribution systenf{Chalfant and Chryssostomidis 201Mevertheless, the collaboration between specialist engineers in
designing shipystems can result iexcessivalesign detail at ESSD, which was considered inappropriate. This is because,
as Andrews argued, one should not fix large portions of the design since the overall design should still be subject to big
decisions as part of Regement Elucidation and hence undertaking detailed design is either nugatory or cutailcgy
(Andrews 2013)

The applications of network theory tioe designof distributed ship service systems were considered to fit between these
two extremes, i.e., it is more accurate than the-gfpp or rule of thumb scaling approach, yet not too detailed as the
collaborative systems modelling. Most importantly, the proposed approach, which is outlined in the next section, aimed to
capture of the complexity of interrelated DS3 both in terms of logical and physical architectures.

4. DESCRIPTION OF THE NETWORK BLOCK APPROACH

The implementation of the UCL Design Building Block approach in Paramarine with its SURFCON (DBB) module is
highly flexible and so specifically useful for DS3 synthesis. The algorithms and assumptions were part of the input and
thus the implementation oli¢ UCLDBB approach in Paramarine was not a bibok process. However, suchiglass
boxbapproach is demanding in the expenditure of fionelevelopinga new design. Furthermore, integrating the network
based sizing approach with the submarine desigrtgss using SURFCON Paramarinexacerbatedhe Gulfs of
Execution and Evaluatiorrigure 3 and this couldnhibit exploring DS3 options in ESSD.

Therefore, an approach termed the Network Block Approach (NBA) was proposed. The NBA consisted of framework
met hods, and design tools that  defgdbeipganputted tosParanatimadyy t o
utiliseda set of spreadsheet Excel inputs. The main objective of the development of the NBA was to create an integrated
design procede that incorporatt SUBFLOW and the UCL Design Building Block approach. Unlike the previous
SUBFLOW in a recentpaperby the authorgMukti et al. 2021) the current SUBFLOW, part of the Network Block
Approach (NBA) was not used to optimise DS3 designthe overall submarine design. Thus, compared to other network
based approaches (see Sections 3.1 to 3.3), the optimisation technique in SUBFLOW was only used to solve the energy
balance through linear programmjng r at her t han ( gtheevisote submasane Hegign. 6 opt i mi sed

On one hand, SUBFLOW requires design data at a specific level of design granularit{dsufge2022). On the other

hand, the UCIDBB approach facilitates the development of a new designitio atalevel of design granularity required

for DS3 synthesis. Therefore gttarchitecture of the NBA must consider the two distinct design philosophies. To merge

the advantages of both approaches, the NBA was developed based on DevOps software practice that is a blend of two
di fferent activities, (HBiReemaen20lg)md mt & ha rsd c@Q@peer athieo nésbe v €
implementation of the UCIDBBappr oach in Paramarine and the 6Operat.i

SUBFLOW in MATLAB. This leads to an infinity loop diagram presenteligure 4 which represents the iterative nature

and can be terminated once the design is considered naval architecturally balanced.
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Figure 4: The logic of the proposed\etwork Block Approach showing a high level process of Physical Loop
method in purple and Logical Loop method in blue

Figure4ds hows centrally the Excel spreadsheet, where the de
The design dta dealt with the design concerns appropriate to ESSD, such as space and numerically defined gross weight,



as well as creating DS3 components and connections, including their attributes required for the SUBFLOW network

analysis. The NBA consisted of whata s

ter med

as the 6Physical

Loopé

met h o

in bluein Figure 4 The Physical Loop method focused on the task to synthesise the submarine design andithe DS3
terms of the physical architecture, which was done thraolighnteraction between a spreadsheet and Paramarine using
Visual Basic Applications (VBA) based programming langu@dierosoft 2021) The Logical Loop rathod makes use of
MATLAB codes to perform the development of a DS3 network bypgsoeessing, analysis, and pgsbcessing through

SUBFLOW to enable energy based DS3 sizing and DS3 energy flow simulation at a logical level of abstraction.

The input da centre consisted of several programs, summarideigume 5 Each program was developed as a worksheet
with its distinct cells layout, which could be read both by Paramarine for rapid modelling of objects and by MATLAB for
automatically generating codde perform SUBFLOW. With this approach, the designer could focus and readily
manipulate the architecture of the vessel and perform SUBFLOW simulation without needing to address the Gulf of
Execution Figure 3 in Paramarine and MATLAB.

Figure 5: The detailed breakdown of the input data centre showing multiple programs in green, Paramarine
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The top part oFigure 5shows the Main Menu Program (MMP), which is a menu to execute all the programs listed in

Table 2througha

6single

clicko.

MMP was

al so

connected

t o De:

Program (DAP). Th®AP is a hardcoded KCL script for automatically setting up the analytical capability available in the
Paramarine system, including the audit function. As shown in the purple dashedRiguren5 all programs work with
Paramarine but only four programs in theebdashed box work with MATLAB. The application of the programs in Table
2 within the Physical Loop and Logical Loop methaldiscussed in next two subsections.

Table 2: Summary of programs in the Network Block Approach(Mukti et al. 2022)

Program | Description Function
MMP Main Menu Program Execution menu teaompile all programs
DPP Design Preamble Program Hardcoded design setup
DAP Design Analysis Program Hardcoded analysis setup
HGP Hull Granularity Program Input for hull size
VGP Volume Granularity Program Input for spaces
WGP | WeightGranularity Program Input for weight
EDP Equipment Database Program Input for equipment data
CGP Component Granularity Program g]ndetsE)ég_sosv\/c omponents for arrangem
SPP System Preamble Program Input for DS3 connections
SCP SystemConnection Program Input for DS3 connection and SUBFLOW

4.1 DESCRIPTION OF THE PHYSICAL LOOP METHOD

Fundamentally, the structure of the Physical Loop method consisted of two major atzapese stage araffine stage.

In the coarse stage, the design could be develapeditio to define the weight and space models for the architecturally
centredsubmarinesynthesis using three programs: Hull Geometry Program (HGP); Volume Granularity Program (VGP);
and Weidnt Granularity Program (WGP). The coarse stage produced a design with the level of granularities that was



normally considered sufficient feubmarine concept. However, as the research explored greater detail necessary for DS3,
the design needed to be dped to the fine stage in the Physical Laongthod.

Therefore, in the fine stage, four programs: Equipment Database Program (EDP); Component Granularity Program (CGP);
System Preamble Program (SPP); and System Connection Program (SCP) were prodwetaptthéesubmarine design

to a sufficientevel of design detail necessary for DS3 synthesis. The logic of these two major stages is depigte® in

6. The NBAis not just an Excel tool, it comes with extensive frameworks. Three main frameworkscagsdisin turn.
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Figure 6: The structure of the Physical Loop methodwith various frameworks (see the following subsections)

4.1.1 Design Granularity and Design Fidelity

To make the Physical Loop method possible, different degignularities needed to lm@nsidered A frameworkwas

proposed to aid the designer to understand what level of detail was considered necessary for DS3 synthesis. The proposec
framework asshown inFigure 7 distinguishes design granularity and design fidelity. These are illustrated as the two main
axes inFigure 7. A design can progress from just weight and space definition to include DS3 components and connections.
Thusthe X-axisrepresents the design granularity. Concurrently, the design can also be more detailed, decomposing models
to a more detailed dieition, quantified by the design fidelitgiven inthe Y-axis. The highly flexible UCL DBB phases

aim to explore both axes until a sufficient level of detail is achieved to inform the Requirement Elucidation and thus is
adopted in this framework

Figure 7. Framework of design granularity and fidelity



