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ABSTRACT 

 

The paper follows on from a recent IJME paper and summarises a new early-stage ship design approach. 

This is termed the Network Block Approach (NBA) and combines the advantages of the UCL 3D 

physically based ship synthesis Design Building Block (DBB) approach and 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 utilises: a set of novel frameworks; and Qinetiqôs 

Paramarine CASD suite features. 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 and system routings. The proposed approach also enables the designer to 

balance the energy demands of a set of distributed systems. This is done by performing a steady-state 

flow simulation and visualising the complexity of the submarine DS3 in a 3D multiplex network 

configuration. The potential benefits and limitations from such a 3D based physical and network 

synthesis are presented. The paper concludes with a discussion of the Network Block Approach 

comparing it to previous applications of network theory which have been to surface ship design. It 

concludes that it would be possible to better estimate DS3 weight and space inputs to early-stage 

submarine design and also enable radical submarine configurations and DS3 options to be reflected in 

early stage submarine design for better concept exploration and requirement 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 process encompasses various design phases 

which may be conducted by different organisation entities. The design phases comprise concept, assessment or feasibility, 

followed by contract or project definition to fix price and check that the selected design remains balanced. This especially 

applies to the buoyancy and stability balance, even it is more demanding in submarine design than for surface ships, which 

needs to be done before proceeding to detailed design (Andrews 1994). However, in the initial sizing of complex vessels, 

where recourse to type ship design is overly restrictive, one crucial set of design features has traditionally been poorly 

addressed. This is the estimation of the weight and space demands of the various distributed ship services system (DS3). 

DS3 is a collection of connected components that provide a service from one or multiple sources to multiple users, via 

connections throughout the ship, directed towards defined functions, supporting specific operations of the vessel (Mukti et 

al. 2021). Such a type ship approach not only inhibits the ability of the concept designer to consider the impact of DS3 

options with distinctly different styles but also ignores the opportunity (or necessity) to undertake Requirements 

Elucidation, more specifically for DS3 (Andrews 2018).  

 

Given there is a need to consider DS3 in a better manner than a scaling based parametric approach, this does not mean the 

Concept Phase must óbottom out the preferred designô for DS3 synthesis. Recent papers by the authors (Mukti et al. 2019; 

Mukti et al. 2021) presented an early version of DS3 synthesis where design flexibility was achievable utilised a tool for 

DS3 ñSubmarine Flow Optimisationò (SUBFLOW), which was combined with the UCL Design Building Block approach 

(Andrews et al. 1996). That implementation revealed the technical issues when integrating the network-based sizing 

approach with the whole submarine design synthesis using SURFCON Paramarine (Mukti et al. 2022). A significant 

amount of effort was required using both approaches and this inhibited the exploration of DS3 options in ESSD. Thus, this 

paper presents a novel approach that addresses this issue and provides a more believable DS3 synthesis than the ótype shipô 

or órule of thumbô scaling approach, yet is not too detailed as full DS3 design appropriate later in the process. 

 

The paper commences with the novel approach in the context of previous approaches to initial submarine design. Following 

this, the recent network theory-based studies for the design of distributed systems are discussed, that have been applied by 

the researchers to naval surface vessels, and the new approach is then outlined. The remainder of the paper is taken up with 

an application of the proposed approach to early-stage design (ESD) for a typical conventional powered submarine. The 

paper concludes by discussing the advantages presented to the submarine designer by this approach with the potential of 
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such a concept design being more DS3 information rich and fostering a more exploratory design approach to DS3. Finally, 

the focus of current UCL research using the proposed approach to submarine studies is briefly presented. 

 

2. APPROACHES TO EARLY STAGE SUBMARINE DESIGN 
 

ESSD for complex vessels, has been described by Andrews (1994) as three overlapping stages, which are focused on the 

task of Requirement Elucidation: Concept Exploration; Concept Studies; and Concept Design. Concept Exploration is a 

wide-ranging exploration of potential solutions to meet the initial and very broad outline requirements. Such an exploration 

could be based on a nominal design solution space, which Andrews (2018) suggests could have three main axes of 

investigations: capability; packaging; and technology. Then a nominal baseline should be e developed in sufficient level of 

detail to conduct Concept Studies to investigate issues that are likely to be significant size or cost drivers in the design, see 

Andrews (2018). Finally, Concept Design is conducted to working up the selected baseline design or possible two distinct 

competing options by performing trade-off studies of cost-capability and highlighting design risks. The following three 

subsections discuss the main approaches to submarine ESD. 

 

2.1 DECISION MAKING PROCESS OF COMPLEX VESSELS 

 

Given many important submarine design decisions are made either consciously or unconsciously in the Concept Phase, the 

issue is that such major design decisions are often not questioned nor acknowledged by design stakeholders. Furthermore,  

such decisions should be subject to investigation in a properly conducted Requirement Elucidation process (Andrews 

2018). Andrews (2018), in turn, has long proposed the whole ship design process is best summarised in Figure 1, which 

does not just list sequential tasks in the ship design process but also encapsulates major decisions the designer must take 

often by default, to undertake those tasks, see Figure 1 from (Andrews 2018). This series of specific decisions for a 

conventional powered submarine are given in Figure 6 of Andrews (2021) and the unique nature of the submarine design 

process summarised in Section 8.4 of (Andrews 2018). The first nine steps in the ódecision makingô approach summarised 

in Figure 1 cover the 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 that for the various DS3. This leads to a discussion of 

the selection of the synthesis model type, which is step 6 in the ódecision makingô approach. 

 

 
Figure 1: The decision making sequence for complex vessels outlined in detail in Figure 4 and Appendix A of 

(Andrews 2018) in a similar manner to the submarine example in Figure 4 of (Andrews 2021) 



 

 

 

2.2 TRADITIONAL NUMERICAL SYNTHESIS  

 

The approach to initial submarine synthesis used at UCL for the annual post-MSc submarine design and acquisition course 

(SDAC) (UCL 2021) was adopted from a sequential design procedure given by Burcher & Rydill  (1994). The procedure, 

as is shown in Figure 2, begins with an initial set of broad requirements to initiate the process. From these initial 

requirements, a set of payload equipment can be selected, which then gives a first numerical indication of likely submarine 

size. As such it can then be used to parametrically estimate the size of component design features based on mathematical 

relationships with coefficients suggested by Burcher and Rydill (1994). This may be developed based upon órules of thumbô 

drawn from their hands-on submarine design experience within the UK Royal Navy, suggesting such rules of thumb are 

likely to be different from navy to navy (e.g., US Navy (Arentzen and Mandel 1960) and MIT professional summer 

programme (Jackson 1992)). This, in turn, implies the ótraditionalô characteristic of the procedure. The term ónumericalô 

here refers to a ócrudeô (or ógrossô) initial estimation of weight and space (budget) of the submarine design, which does not 

reflect necessary the architectural realities (see Purton (2016)). Thus, this first numerically balanced design implies the 

longitudinal moment and vertical balance have yet to be addressed. It was considered that the adoption of just this procedure 

was insufficient. The submarine design needs to incorporate the óarchitecturalô or the configurational aspect of the 

submarine to enable the physical models of DS3 to be considered early in the design process, as is discussed in the next 

subsection. 

 

 
 

Figure 2: A generic submarine design procedure, redrawn from Burcher & Rydill  (1994) 

 

 

2.3 THE UCL DESIGN BUILDING BLOCK APPROACH  

 

The limitation of the traditional numerical synthesis in addressing requirements elucidation was first raised by Andrews 

(1981), who then demonstrated an architecturally driven ship synthesis (Andrews 1984), which was subsequently fully 

integrated to the submarine case with the architecture and weight organised functionally, (e.g., Fight, Move, Float, and 

Infrastructure) as opposed to the traditional weight breakdown structure (Andrews et al. 1996). This approach, known as 

the UCL Design Building Block (DBB) approach (Andrews and Dicks 1997), is now a proven design method and was 



 

 

implemented as the Surface Concept (SURFCON) module (for both surface ships and submarines) in the sophisticated 

fully three-dimensional (3D), commercially available naval architectural Computer-Aided Design (CAD) software 

ParamarineÊ (QinetiQ 2019), coded by Graphic Research Corporation (GRC) (Andrews and Pawling 2003). 

 

However, there were several drawbacks in implementing such a sophisticated (fully 3-D), high-fidelity, high-capability 

Computer-Aided Design (CAD) modelling tool in ESSD, such as the difficulties due to effort 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 iteration (Andrews et al. 2009). Such modelling 

effort can be referred as to the Gulfs of Execution and Evaluation (see Figure 3), which highlights the overall effort required 

in making a system perform the desired task correctly (Norman 2013). Therefore, the 3D based synthesis was then reduced 

by the UCL ship design research team to be what is called ó2.5Dô to allow a simpler architecturally oriented design tool to 

be developed in-house, for specifically, surface ship research and education, referred as to the UCL JavaScript layout 

exploration tool (Pawling et al. 2015; Kouriampalis et al. 2021). In the current paper, an alternative solution was developed 

without creating a further separate or standalone design tool like the UCL JavaScript tool. That tool sacrificed many 

advantages of using 3D based synthesis and 3D informed dialogue, which Paramarine facilitated and was seen to be 

necessary for exploring the submarine DS3 in ESSD. 

 

 
Figure 3: Gulfs of Execution and Evaluation for CAD Development, after Norman (2013)  

 

Although the synthesis of the whole submarine design could have been developed using the sophisticated 3D based 

synthesis UCL DBB approach, it was seen to be sensible to consider in the next section design issues and existing 

approaches specific to designing DS3. Some of these were seen as aiding the designer in developing DS3 beyond physically 

descriptive models in ESSD. 

 

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

Designing DS3 is quite complex and relevant information may not be addressable during initial submarine sizing (Burcher 

and Rydill 1994), furthermore, each DS3 technology may require different design methods. Sizing from the first principles 

or detailed sizing may give a more accurate design than a traditional numerical or parametric approach (Stapersma and de 

Vos 2015), however, it can be time consuming. More importantly, the detailed component design information may not be 

available at the earliest design phases and quite distracting from the essence of ESSD requirements elucidation (Andrews 

2018). Lying between detailed DS3 sizing and the traditional numerical approach is the use of network theory. This requires 

fewer assumptions than detailed sizing but is seen to be better than a parametric approach when applied to distributed ship 

service systems. DS3, as already defined in the beginning of this paper, is an assembly of connected individual components 

and thus appropriate to be studied using what is called a network or graph. A network is a collection of points connected 

by lines usually known as arcs or edges (Newman 2010). Modelling connected entities as in a DS3 as a network has been 

considered as a means to new insights (Newman 2004). Not only can a DS3 be modelled as a network, but also relationships 

between spaces within a ship arrangement (Pawling and Andrews 2018; Gillespie 2012), as well as variables within design 

algorithms (Collins et al. 2015). 

 

Given network theory specific to submarine systems had not been applied, applications of network theory to surface ship 

design were also investigated. Table 1 summarises and provides a high-level 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 input (e.g., logical architecture, how DS3 components are connected each other; physical 

architecture, how DS3 components are located on the vessel (Brefort et al. 2018)). A network of the ship can model the 

spaces within a ship (physical architecture) while nodes in the distributed systemôs logical architecture can be assigned to 

those nodes in the physical architecture. Each approach used a different optimisation technique for systems routing, which 

range from the shortest path algorithm (Dijkstra 1959) to the Network Flow Optimisation (Trapp 2015), discussed further 

in the following Subsections 3.1 to 3.4.



 

 

 

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

 

 (A) The L-PAT approach (Shields et al., 2017) (B) The early routing approach (Duchateau et al., 2018) (C) The Architecture Flow Optimisation approach (Robinson, 2018) 

1 
System model for the L-PAT algorithm application (total of five logics including 
personnel movement) (Shields et al., 2017) 

Power system network as the input of the early routing approach (Duchateau et 
al., 2018) 

Mechanical plex logical architecture that provides a list of components 
required for a specific distributed system (Brown, 2020)  
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2 
System model nodes (1A) are assigned to vessel arrangement (Shields et al., 
2017) 

Routing adjacency network for a naval vessel compartments and superstructure 
defining the decks and hull envelope (Duchateau et al., 2018) 

Subdivision Block of a generic naval combatant produced from Synthesis 
Model of the Virginia Tech where the blocks are defined by decks, watertight 
bulkhead, and hull extent (Robinson, 2018) 
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Label: main (MAIN) and auxiliary (AUX) machinery, prime mover (PR_MVR), 
defence system component (Def) (e.g., radar, bridge, combat information 
centre (CIC)), mechanical component (Mech/Mach) (e.g., hotel load centre, 
chiller, and communications centre (Comm) 

 

 

3 
The output of the L-PAT approach in 2D representation showing different 
routing densities (0 to 5): 0 indicates no connection; 5.0 means the connection 
contains all systems in 1A (Shields et al., 2017) 

The output of the early routing approach showing power (orange and blue), 
cooling (yellow), and data (purple and light blue) for a generic naval combatant 
(Duchateau et al., 2018) 

The output of the Architecture Flow Optimisation approach showing 
mechanical (grey), electrical (red), chill water (blue), and seawater (green) for a 
generic naval combatant (Robinson, 2018) 
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3.1 PHYSICAL SOLUTION APPROACH  

 

The research produced by the University of Michiganôs Advanced Naval Concepts Research (ANCR) group has applied 

network theory (Newman 2010) to naval ship design general arrangements (Gillespie and Singer 2013), and a better 

understanding of the relationship between DS3 and shipôs arrangements (Rigterink et al. 2014). The Logical-Physical 

Architecture Translation (L-PAT) algorithm was proposed to provide the designer with knowledge of physical solutions 

using network approaches (Shields et al. 2017). In this approach (see Table 1 (A)), DS3 routing was developed from logical 

architecture, via simplex (Shields et al. 2017)  and multiplex network (Gomez et al. 2013), which could be said to be similar 

to a multislice network (Mucha et al. 2010) representation. The L-PAT tool from the University of Michigan could give 

insights into a DS3 physical solution (routing), by indicating wherein the vessel the DS3 physical solution could be located 

without requiring detailed physical modelling. However, the process behind making the minimum input information (such 

as the size of DS3 major components and the vesselôs physical architecture) for such analysis in the first place remains 

questionable and thus was not seen 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 undertaken DS3 related work using an extension of Delftôs automated bin packing 

approach (van Oers 2011). TU Delft used a genetic algorithm (GA) (Deb et al. 2002) and Pareto Front representation to 

reduce the number of solutions in design space explorations of DS3 in ESSD. Using these two methods, the Automatic 

Topology Generator (ATG) was created to assist a system designer in the decision making in the early design of a shipôs 

DS3 (de Vos 2018). The TU Delftôs ATG has shown that the routing of DS3 could be done using an automated and 

optimisation-based approach, where many options could be explored using a network representation. However, the 

optimisation is done only at the logical architecture level of abstraction. Furthermore, particular shipôs systems must be 

known before ATG can function, as the number of components is a chosen input to be made before the ATG can be run. 

This would seem to be a process like University of Michiganôs L-PAT tool, which is more suitable for outside-in ship 

design approaches (see Andrews (2018)). The output of ATG was seen to only explore the number of connections and thus 

was considered not sufficiently sensitive to varying DS3 component choice for (say) for redundancy as part of a more style 

driven approach (Andrews 2018). 

 

3.3 ARCHITECTURE FLOW OPTIMISATION APPROACH  

 

The Network Flow Optimisation (NFO) approach combines network theory and linear programming (Trapp 2015). In the 

NFO approach, nodes and arcs are modelled as a set of mathematical variables describing the necessary constraints, bounds, 

and objective functions for linear programming to be undertaken. The NFO approach (called Non-Simultaneous Multi-

Commodity Flow (NSMCF)) was applied to model shipboard Integrated Engineering Plant (IEP) by Trapp (2015) via 

Mixed-Integer Linear Programming (MILP). A follow up to this was the development of Non-Simultaneous Multi-

Constraint Parallel-Commodity Flow (NSMCPCF) or Architecture Flow Optimisation (AFO) by the research team at 

Virginia Tech led by Brown (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). Unlike a semantic network (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 combatant (Parsons et al. 2019). Although this is not feasible without 

recourse to a significant Machinery Equipment List, i.e., equipment database (Parsons 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 components (Stinson 2019), Thus, unlike other network 

applications, AFO has been applied to design and size distributed 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 the quality of the database of DS3 components.  

 

Instead of tracking various commodities in the network flow, as was done using Trappôs NSMCF approach (Trapp 2015), 

AFO only tracks energy flow in a steady state condition, using pre-defined plexus. This simplification allows the inclusion 

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

the definition of the wider systemôs (the vessel) physical architecture should be kept as simple as possible (Robinson 2018). 

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 shipôs compartment, is represented by a single node. This enables such a network 

tool to be easily used without the need for physical modelling including some detailed ship arrangement, as in the UCL 

DBB approach. However, the AFO process has been devised to work specifically with the Virginia Techôs ship design 

process, which is different from the inside-out UCL DBB approach (Andrews 2018). The surface ship applications of AFO 

were limited to ship procurement cost and survivability formulation and thus as they stood were not considered applicable 

to submarineôs DS3 ESD without further work. Hence, this paper presents an alternative approach in applying the Network 

Flow Optimisation approach to submarine DS3. 

 

 



 

   

3.4 SMART SHIP SYSTEMS DESIGN 

 

As summarised in the 2018 IMDC state of the art report on design methodology (Andrews et al., 2018), the Electric Ship 

Research and Development Consortium (ESRDC) (ONR-ESRDC 2018) focused on future electric surface warships using 

high-energy weapons (Chalfant et al. 2017). That consortium has developed a collaborative analysis tool called Smart Ship 

Systems Design (S3D) (Smart et al. 2017). This 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 simulation-based 

environment to evaluate thermal cooling system design (Babaee et al. 2015), machinery (Jurkiewicz et al. 2013), and power 

distribution system (Chalfant and Chryssostomidis 2011). Nevertheless, the collaboration between specialist engineers in 

designing ship systems can result in excessive design 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 Requirement Elucidation and hence undertaking detailed design is either nugatory or curtailing choice 

(Andrews 2013).  

 

The applications of network theory to the design of distributed ship service systems were considered to fit between these 

two extremes, i.e., it is more accurate than the type-ship 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 of the UCL DBB approach in Paramarine was not a black-box process. However, such a óglass 

boxô approach is demanding in the expenditure of time for developing a new design. Furthermore, integrating the network-

based sizing approach with the submarine design process, using SURFCON Paramarine, exacerbated the Gulfs of 

Execution and Evaluation (Figure 3) and this could inhibit exploring DS3 options in ESSD. 

 

Therefore, an approach termed the Network Block Approach (NBA) was proposed. The NBA consisted of frameworks, 

methods, and design tools that employed a strategy to óinterceptô data flow, before being inputted to Paramarine, and 

utilised a set of spreadsheet Excel inputs. The main objective of the development of the NBA was to create an integrated 

design procedure that incorporated SUBFLOW and the UCL Design Building Block approach. Unlike the previous 

SUBFLOW in a recent paper by the authors (Mukti et al. 2021), the current SUBFLOW, part of the Network Block 

Approach (NBA) was not used to optimise DS3 design nor the 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 programming, rather than (questionably) óoptimiseô the whole submarine design. 

 

On one hand, SUBFLOW requires design data at a specific level of design granularities (see (Mukti 2022)). On the other 

hand, the UCL DBB approach facilitates the development of a new design ab initio at a level of design granularity required 

for DS3 synthesis. Therefore, the architecture 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 

different activities, óDevelopmentô and óOperationsô (Hüttermann 2012). In this case, the óDevelopmentô represents the 

implementation of the UCL DBB approach in Paramarine and the óOperationsô represents the DS3 synthesis using 

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

and can be terminated once the design is considered naval architecturally balanced.  

 

 

Figure 4: The logic of the proposed Network Block Approach showing a high level process of Physical Loop 

method in purple and Logical Loop method in blue 

 

Figure 4 shows centrally the Excel spreadsheet, where the design data can be stored, and is termed the óinput data centreô. 

The design data 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 what was termed as the óPhysical Loopô method in purple and the óLogical Loopô method 

in blue in Figure 4. The Physical Loop method focused on the task to synthesise the submarine design and the DS3, in 

terms of the physical architecture, which was done through the interaction between a spreadsheet and Paramarine using 

Visual Basic Applications (VBA) based programming language (Microsoft 2021). The Logical Loop method makes use of 

MATLAB codes to perform the development of a DS3 network by pre-processing, analysis, and post-processing through 

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

  

The input data centre consisted of several programs, summarised in Figure 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 codes to 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 

interface in purple and MATLAB interface in blue  

 

The top part of Figure 5 shows the Main Menu Program (MMP), which is a menu to execute all the programs listed in 

Table 2 through a ósingle clickô. MMP was also connected to Design Preamble Program (DPP) and Design Analysis 

Program (DAP). The DAP 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 dashed box in Figure 5, all programs work with 

Paramarine but only four programs in the blue dashed box work with MATLAB. The application of the programs in Table 

2 within the Physical Loop and Logical Loop methods is discussed 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 to compile 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 Weight Granularity Program Input for weight 

EDP Equipment Database Program Input for equipment data 

CGP Component Granularity Program 
Input for DS3 components for arrangement 

and SUBFLOW 

SPP System Preamble Program Input for DS3 connections 

SCP System Connection 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 stages: a coarse stage and a fine stage. 

In the coarse stage, the design could be developed ab initio to define the weight and space models for the architecturally 

centred submarine synthesis using three programs: Hull Geometry Program (HGP); Volume Granularity Program (VGP); 

and Weight Granularity Program (WGP). The coarse stage produced a design with the level of granularities that was 



 

   

normally considered sufficient for submarine concept. However, as the research explored greater detail necessary for DS3, 

the design needed to be developed to the fine stage in the Physical Loop method. 

 

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 produced to develop the submarine design 

to a sufficient level of design detail necessary for DS3 synthesis. The logic of these two major stages is depicted in Figure 

6. The NBA is not just an Excel tool, it comes with extensive frameworks. Three main frameworks are discussed in turn. 

 

 
Figure 6: The structure of the Physical Loop method with various frameworks (see the following subsections) 

 

4.1.1 Design Granularity and Design Fidelity 

 

To make the Physical Loop method possible, different design granularities needed to be considered. A framework was 

proposed to aid the designer to understand what level of detail was considered necessary for DS3 synthesis. The proposed 

framework, as shown in Figure 7, distinguishes design granularity and design fidelity. These are illustrated as the two main 

axes in Figure 7. A design can progress from just weight and space definition to include DS3 components and connections. 

Thus the X-axis represents the design granularity. Concurrently, the design can also be more detailed, decomposing models 

to a more detailed definition, quantified by the design fidelity given in the 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  


